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The objective was to test the addition of Avizyme ® 1502, a blend of protease, amylase 
and xylanase (Danisco, UK Ltd.) and a phytase in laying hens fed corn-soy diets 
containing Dried Distillers Grains (DDGS), Meat and Bone Meal (MBM).  384 Hy-Line 
W-36 laying hens were used in this study from 24-52 weeks of age.  There were 12 
replicate pens with 4 hens per pen, thus 96 pens in total.  The study consisted of 8 dietary 
treatments arranged in a 2x2x2 factorial design.  The factors were:  diet (containing 
DDGS or MBM), metabolizable energy (ME) level 2930 Kcal/kg (Phase 1), 2880 
Kcal/kg (Phase 2) or 2860 Kcal/kg (Phase 1), 2800 Kcal/kg (Phase 2), and two enzyme 
levels (0 or 0.0375% Avizyme®1502) to provide protease at 8000 U/g, amylase at 800 
U/g, and xylanase at 600 U/g of product.  All diets contained Phyzyme® at 60 g MT 
(~300 FTU) and were formulated to contain 0.30% avP and a Ca adjustment as 
recommended by Phycheck software tool (10% decrease).  Response variables measured:  
daily egg production, biweekly egg weight, weekly feed intake, body weight, Haugh unit, 
yolk weight, albumen weight, shell weight, shell strength and specific gravity were taken 
monthly.  During Phase 1 (24-35 wks), there were no significant differences between the 
diets for production parameters.  There was a significant time effect for the last three 
weeks (wks 10, 11, 12) where feed intake decreased 4-8 g per bird per day (p<0.05), most 
 likely due to heat stress.  There were no differences noted between treatments for any 
other parameters measured.  In Phase 2, there was a significant effect for feed intake 
between moderate and low ME diets, with the low ME diets having a greater feed intake 
overall (p≤0.03).  However, there were no other significant differences between 
treatments for any other parameters measured.  Thus, decreasing ME, P and Ca with the 
addition of enzymes has no negative effect on egg production or quality.   
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Chapter 1:   Literature Review 
1.1 Introduction 
Finding ways to reduce feed costs of production is not a new concept.  The animal 
feed industry as a whole has been working toward solutions to lower costs up front and as 
a result have a lower cost at the end product for the consumer.  However, recently with 
grain prices on the rise, producers are examining alternative ways to reduce feed costs.  
Although there are a number of methods, the addition of exogenous enzymes has proven 
to be an effective cost saving mechanism.  Not only are previously unutilized portions of 
feedstuffs now accessible to the animal, they also allow the nutritionist to alter the 
content of the diet.  These two methods allow the producer to lower feed ingredient input 
costs while maintaining optimum production rates. 
Exogenous enzymes have been available for a number of years; and recently their 
use has increased exponentially.  This is mainly due to increased feed costs, for example, 
in 2008 corn rose from $2 to approximately $8 a bushel (Clark, 2009).  Along with this 
trend, dicalcium phosphorous increased from $200 per metric ton to $1,000 per metric 
ton, and then stabilized near $700 in 2008 (Clark, 2009).  These are two examples of the 
high costs of diet components for laying hen rations.   
There are two different methods for incorporating exogenous enzymes into the 
formulated diet.  The first of which is called the “over the top” method which improves 
performance economically, and consists of supplementing standard diets with enzymes 
without altering nutrient levels (Costa et al, 2008). The second approach is to adjust the 
diet formulation by reducing nutrients and adding exogenous enzymes in order to restore 
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nutritional value of the standard diet (Costa et al, 2008).  Both of these methods lead to a 
reduction in costs, the second having the most dramatic drop in costs.  The addition of 
exogenous enzymes to poultry diets has proven to be a substantial cost saver, on average 
the addition allows the producer to save approximately $3 per metric ton (Clark, 2009). 
In addition to the tangible cost savings that exogenous enzymes offer, there are 
also nutritional benefits. Exogenous enzyme supplementation in the diet improves 
production efficiency of poultry by increasing digestion of low quality products and 
reducing nutrient loss through excreta (Costa et al 2008). Exogenous enzymes are able to 
offer nutritional benefits in a variety of ways, including hydrolyzing non-starch 
polysaccharides (NSPs) which could be used by the bird (Buchanan et al 2007; Costa et 
al 2008).  This leads not only to more dietary energy being utilized by the bird, but gut 
viscosity is also decreased.  In addition to enzymes hydrolyzing NSPs, phytase is also 
routinely utilized in poultry diets.  Phytase is used to hydrolyze phytate, which is found in 
every vegetative ingredient.  Phytate not only binds phosphorous but also binds other 
positively charged ions such as calcium, sodium, magnesium, potassium and zinc 
(Leeson and Summers, 2001; Selle and Ravindran, 2007; Costa et al 2008).  Therefore 
when phytate is effectively hydrolyzed, it not only makes phosphorous more available to 
the animal but also any other positively charged cation that was bound to phytate.   
Due to the fact that enzymes have an effective cost saving effect coupled with an 
improvement in nutrient availability to the bird, enzymes are a viable cost saving solution 
in today’s market.  In addition to supplementing poultry diets with exogenous enzymes, 
another effective cost saving mechanism is to examine the feed ingredients available for 
poultry rations, such as DDGS and meat and bone meal.  DDGS production has increased 
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substantially in past years as a result of the Clean Air act of 1990 (Adam, 2008, Zurong, 
2008).  This act has led to an increase in ethanol production and as a result, an increase in 
DDGS production.  Due to processing methods, the nutrient densities of fiber, protein, fat 
and phosphorous are increased from its corn counterpart and have viable availability to 
poultry.  In addition to DDGS, another cost effective ingredient is meat and bone meal 
(MBM). MBM is high in protein, phosphorous and calcium, and studies have shown that 
the addition of exogenous enzymes could further increase the bioavailability of amino 
acids to the bird (Boling-Frankenbach, S. D., et al 2001).  Further investigation into 
DDGS and MBM and the effects of enzyme supplementation on their value in poultry 
rations is warranted at this time.   
1.2 Phytase 
 Inorganic phosphorous is an expensive ingredient in the poultry industry, as stated 
earlier, phosphorous in recent years has been priced as high as $ 1,000 per metric ton 
(Clark, 2009).  In addition to the high cost, the amount of phosphorous excreted by the 
animal is also an environmental concern.  The environmental concern for phosphorous 
stems from the fact that poultry manure is used as fertilizer, and with excess phosphorous 
in the manure, it may not be properly utilized by plants, accumulating in the root zone, 
leaching, run off, and erosion can lead to pollution of surface water (Sharply, 1997; 
Panda et al., 2005).   This problem stems from the fact that a large portion of 
phosphorous in plant sources is in the form of phytic acid, which is unavailable to the 
bird.  As a result, the producer has had to overcompensate for the lack of available 
phosphorous with the addition of inorganic phosphorous supplementation.  However, 
with the use of phytase, the bird is able to break down the phytic acid molecule and 
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release phosphorous; as a result this reduces the amount of the potential pollutant in 
manure (Selle and Ravindran, 2007; Costa et al, 2008).   
 Phytase was first detected in 1907 in rice bran; however, attempts to develop it 
into a feed enzyme did not occur until 1962 (Selle and Ravindran, 2007).  This interest 
became apparent in the late 1960’s as numerous research articles were published, due to 
the concern with the negative effects of phytate on both calcium and phosphorous 
availability in broiler chicks (Selle and Ravindran, 2007).  The first phytase feed enzymes 
became available in 1991, mainly due to legislation in the Netherlands demanding a 
decrease in phosphorous pollution in the environment (Selle and Ravindran, 2007).    
 Phytase is effective as it allows previously unavailable phosphorous to become 
available as it breaks down phytate phosphorous compounds.  Phytate phosphorous is 
commonly found in plant ingredient sources, as most of the phosphorous in plants is 
bound with phytic acid (Leeson and Summers, 2001). In poultry specifically, there is no 
endogenous phytase produced, so as a result there is little to no phytic acid breakdown 
(Leeson and Summers, 2001).  The phytic acid molecule has six phytic acid residues and 
these residues have a high affinity for several cations; and one mole of phytic acid can 
bind 3 to 6 moles of calcium (Scott et al., 2001). Along with calcium, other minerals that 
can bind with phytic acid are:  sodium, magnesium, potassium, zinc and copper; phytic 
acid also as the ability to bind various amino acids forming insoluble phytate protein 
complexes (Costa et al 2008; Leeson and Summers, 2001).  Thus, phytase catalyzes the 
hydrolytic cleavage of the phosphorus acid esters of inositol, which liberates phosphorous 
and allows it to be absorbed (Leeson and Summers, 2001).  Along with phosphorous, 
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calcium or any other cation or amino acid that was once bound to the phytic acid is now 
liberated and ready to be absorbed. 
 Phytase activity is defined as fytase units (FTU), where one FTU is the amount of 
enzyme that liberates 1 µmol inorganic orthophosphate/min from 0.00512 mol L 
-1
 
sodium phytate at pH 5.5 and a temperature of 37°C (Englene et al 1994, Selle and 
Ravindran, 2007).  In addition to FTU, several other abbreviations such as FYT, U and 
PU have all been used to denote phytase activity of different commercial microbial 
phytases (Selle and Ravindran, 2007).   Phytase feed enzymes can fall into two different  
categories depending on the site in which hydrolysis on the phytate molecule takes place 
(Selle and Ravindran, 2007).  The two different forms are:  3-phytase (EC 3.1.3.8), which 
liberates the P moiety at the third carbon (C3), whereas 6-phytase (EC 3.1.3.26) 
commences at position C6 of the myo-inositol hexaphosphate ring (Selle and Ravindran, 
2007). 
 There are several distinct microbial phytase currently available for poultry feed 
markets.  The three most commonly used phytase feed enzymes are derived from A. 
niger, which is a 3-phytase, and Peniophora lycii and Escherichia coli which are 6-
phytases (Selle and Ravindran, 2007).  Phytase feed enzymes are included in poultry 
rations as granulates or liquids in post-pelleting application systems, to avoid 
thermostability problems at high pelleting temperatures (>80°C) (Selle and Ravindran, 
2007).   
 The site of phytase activity in the gastrointestinal tract has received little 
attention.  However based on previous research, it is likely that phytate hydrolysis mainly 
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takes place in the fore-stomach (crop, proventriculus, gizzard) where the pH is more 
conducive to phytate activity (Selle and Ravindran, 2007).  Based on numerous studies, 
the crop is the most likely primary site of degradation by exogenous phytase (Liebert et 
al., 1993; Takemasa et al., 1996; Kerr et al., 2000; Selle and Ravindran, 2007).  Another 
aspect to consider when examining where phytase is the most active is to consider the 
type of bacteria the phytase is derived from.  For example, E.coli derived phytase is more 
active in the small intestine than phytase derived from P.lycii (Onyango et al., 2005b, 
Selle and Ravindran, 2007).  This may be the reason why E.coli derived phytase has a 
greater resistance to endogenous, proteolytic enzymes (Igbasan et al,; 2000; Selle and 
Ravindran, 2007).   
 Numerous studies have been conducted examining effects of the addition of 
phytase to the diet of non-ruminant animals.  Earlier research with phytase has shown 
that supplementation with 250 U of phytase/kg in the diet for laying hens was the 
equivalent to 0.8 g of phosphate from monocalcium phosphate (Van der Klis et al., 1994; 
Um and Paik, 1999).  In addition to the previous study, an additional study conducted by 
Peter and Jeroch (1993) found that 500 U phytase/kg diet was shown to have an effect 
equivalent to 1 g of P (Um and Paik, 1999).  Finally, Gordon and Roland (1997) reported 
that hens consuming a low nonphytate phosphorous diet with supplementary phytase 
performed as well as the hens fed diets containing higher levels of nonphytate 
phosphorous without supplementary phytase.   In addition to the previous findings, 
additional studies have concluded that phytase increases phosphorous retention and tibia 
ash, and also has positive effects on weight gain, feed intake, nitrogen retention, 
feed:gain, apparent metabolizable energy, calcium retention and to reduce endogenous 
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phosphorous vi.  Studies in layers have expanded and examined the effects that phytase 
exerts on not only phosphorous utilization in the bird, but also egg quality and laying 
parameters.   
1.3   Xylanase, Protease and Amylase 
 Carbohydrases have been examined and utilized with feeds that cause high 
viscosity in the gastrointestinal tract.  Feeds such as wheat, barley and rye contain 
arabinoxylans and mixed linked β-glucans that have a high affinity for water (Cowieson 
et al., 2006).  The high affinity for water leads to an increase in viscosity as the material 
moves through the digestive tract (Bedford and Classen, 1992; Nilsson et al., 2000, 
Cowieson et al., 2006).  The increased viscosity is negatively correlated with animal 
performance, nutrient digestibility and has detrimental effects on the microflora of the 
gastrointestinal tract (Cowieson et al., 2006). All of this is due to the non - starch 
polysaccharides (NSP), NSP’s are essentially indigestible fiber that cause a decrease in 
digestibility and add little nutrient value to the ingredient (Scott et al, 2001).    
Carbohydrases such as xylanase and amylase have been primarily used with high 
viscosity feeds such as wheat and barley.  However corn-soybean meal rations also have 
some room to improve upon in digestibility (Cowieson et al., 2006).  Corn is not 
considered a viscous grain, and therefore has not had the attention with enzymes that 
wheat, barley, and rye have had.  However, in recent years corn has been given a 
considerable amount of attention as various studies, have shown benefits from exogenous 
enzymes (Cowieson et al., 2008).  The previous thinking was that corn would not benefit 
as readily from exogenous enzymes as corn contains less NSP compared to wheat or rye 
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(Cowieson et al., 2008).  The mode of action proposed for exogenous enzymes on corn is 
that the carbohydrases added to the ration assist in additional starch digestibility.  
Research suggests that the improved starch digestibility is associated with the 
augmentation of endogenous α-amylase and improved digestion of resistant starches, 
improved access to cell resistant starches, improved access to cell contents via a 
reduction in cell wall integrity (Cowieson, et al., 2008). Besides the added benefits with 
corn, amylase, xylanase and protease have additional benefits with soybean meal.  The 
benefits that apply to corn also can apply to soybean meal, as the protease component of 
the enzyme combination can have a positive impact on trypsin inhibitor (Cowieson, et al, 
2008).  Supporting this, energy and amino acid digestibility of a corn-soy based diet 
could be improved by nearly 3% when supplemented with xylanase, amylase and 
protease (Zanella et al., 1999; Cowieson et al., 2008).  To support this, Gracia et al. 
(2003) reported that amylase supplemenation was critical to improve the nutritional value 
of corn based diets as it improved gain and feed conversion by 4 to 9% compared with an 
unsupplemented control diet.  Finally, the combination of amylase, xylanase and protease 
can also improve ileal digestibility by 2% (Remus et al., 2005; Cowieson et al., 2008).   
 In addition to the findings above, a study conducted by Cowieson and Adeola 
(2005) was conducted to examine the effects of a nutritionally marginal diet for broiler 
chicks with the addition of xylanase, amylase and protease along with a phytase.  Diets 
were formulated as a corn/soy base with a negative control that was low in terms of 
metabolizable energy, calcium and phosphorous (Cowieson and Adeola, 2005).  In 
addition to the negative control, a positive control was fed in comparison.  The diets were 
supplemented with phytase or xylanase, amylase and protease at either 100 or 200 mg of 
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each enzyme/kg (Cowieson and Adeola, 2005).  The findings were that phytase and the 
xylanase, amylase and protease combination improved gain to feed ratio compared with 
the negative control, and a combination of phytase and xylanase, amylase and protease 
improved ileal digestibility by a factor of greater than 100 kcal/kg (Cowieson and 
Adeola, 2005). The xylanase, amylase and protease enzyme combination is credited for 
improving the ileal digestible energy (Cowieson and Adeola, 2005).  
1.4 DDGS Introduction 
Dried Distillers Grains with Solubles (DDGS) are a co-product of distillery grains 
(University of Minnesota, 2008a). Traditionally, DDGS were produced from the 
beverage industry and based on a mixture of several grains used during the fermentation 
process (Lumpkins and Batal , 2005). Currently, the majority of DDGS produced in the 
US is produced as a co-product of ethanol production from corn; a much smaller 
percentage (1-2%) is produced via the alcohol beverage industry (University of 
Minnesota, 2008a).  The Clean Air act amendment in 1990 promoted the use of ethanol 
up to ten percent in gasoline, all of which leads to a substantial increase in ethanol 
production and as a result, DDGS production (Adam, 2008; Zurong, 2008).   Currently, 
there are approximately 3.2 to 3.5 million metric tonnes of DDGS are produced annually 
in North America (University of Minnestoa, 2008a).  The most recent forecast predicts a 
dramatic rise in ethanol production, reaching as much as 11 billion gallons (Frank, 2008).  
There are approximately 3.2 million metric tonnes of DDGS produced annually in North 
America, of that approximately 700,000 metric tonnes are exported to countries in the 
European Union to be used in livestock feeds (University of Minnesota, 2008a).   A very 
small amount is exported to Mexico, which leaves approximately 2.65 million metric 
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tonnes available for domestic use in the US and Canada (University of Minnesota, 
2008a).   With the dramatic rise in ethanol production, there will also be a dramatic rise 
in the amount of DDGS available to the livestock industry.  In the past, DDGS have been 
fed mainly to ruminants; however with evolving technologies and further development in 
making a more consistent product, more DDGS have been fed to swine and poultry.   
With this increase in DDGS available, there will most likely be a saturation of the 
market, leading to DDGS being a low cost alternative to replace corn and soybean meal 
as a protein source (Adam, 2008).  
1.5 DDGS Production 
DDGS are the dried residue remaining after the starch fraction of corn is 
fermented with selected yeasts and enzymes to produce ethanol and carbon dioxide.  
After complete fermentation, the alcohol is removed by distillation and the remaining 
fermentation residues are dried (University of Minnesota, 2008a).  There are two 
different methods for producing ethanol:  wet milling or dry grinding processes (Rausch 
and Belyea, 2005; University of Minnesota, 2008a).  Both methods offer their benefits 
and drawbacks, for example wet mill plants are often corporate owned, as they are capital 
intensive due to the equipment requirements.  As the corn kernel is fractionated into 
primary components (germ, fiber and starch), this process results in several process 
streams and coproducts (Rausch and Belyea, 2005).  Along with the larger investment 
however, the wet milling plants produce larger volumes of ethanol (Rausch and Belyea, 
2005).   Dry milling on the other hand requires less equipment and capital than the wet 
mills. In the dry mill process, the corn kernel is not fractionated, and only one coproduct 
is produced, DDGS (Rausch and Belyea, 2005). Due to the fact that dry mills are smaller, 
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they do produce less ethanol, but dry mills are producer owned and add more direct 
benefit to rural economies (Rausch and Belyea, 2005).  In the past, most of the ethanol 
produced was through the wet milling process.  Presently most of the increase in ethanol 
production in recent years has been from expansion of the dry milling process, which 
accounts for 70% of ethanol production (Rausch and Belyea, 2005; RFA, 2005).  
Since the main coproduct of dry grind is DDGS, the focus of DDGS production 
will be placed on dry milling ethanol production.   In general, the first step of DDGS 
production is cleaning the corn grain to reduce contamination and foreign materials.  
Next, the washed corn grain is ground in a hammer mill.  Then water is added to the corn 
to make a slurry, this is where alpha-amylase enzymes are added to break the alpha 1-4 
glucosidic linkages to release dextrin, glucose, maltose, maltotriose and tetroses.  This 
process is called “liquefaction”; as a result the pH (5-6 pH) is adjusted.  The slurry is then 
jet-cooked at temperatures ranging from 90° to 165° C (194° to 329° F) to remove lactic 
acid bacteria and to reduce or eliminate microorganisms that could be present in the 
kernel.  Then the slurry is cooled to 32°C (90°F), this is to prepare for the addition of 
glucoamylase that converts dextrin into the simple sugar dextrose.  The dextrose and 
amylase that are created are fermented into ethanol and carbon dioxide by using yeast 
(Saccharmoyces cervisiae).  The ethanol is then removed from the “fermenting mash” 
through distillation of molecular sieves.  This fermentation process is completed in 40 to 
60 hours.  Once the ethanol is distilled off, the whole stillage (water, protein, fat and 
fiber) is centrifuged to separate wet grains (wet cake) from thin stillage.  The solubles (or 
syrup) are produced from the thin stillage through evaporation and condensation to from 
corn condensed distillers solubles (CDS).  Corn  DDGS is finally produced by adding 
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some or all of the solubles back to the wet cake followed by drying in a rotary-kiln or 
ring drier at temperatures ranging between 127° and 621° C (260 °and 1,150 °F), the 
temperature depends on the ethanol plant (Wright, 1987; Davis, 2001; Kelsall and Lyons, 
2003; Powers, 2003; Rausch and Belyea, 2005).   
Normally, one bushel of corn (with an average weight of 25.4 kg (56 lbs.)) 
fermented in a dry grind-milling ethanol plant produces approximately 10.22 liters (2.7 
gallons) of ethanol, 8.16 kg (18 lbs) of DDGS and 8.16 kg (18 lbs) of carbon dioxide 
(Davis, 2001). This leads to the nutrient content of corn DDGS being concentrated by a 
factor of three compared to the original corn grain (Shurson et al, 2005).  DDGS contains 
all of the nutrients in corn excluding starch, which has been removed to produce ethanol.  
Because of this, DDGS on average contains about 27% crude protein, 10% oil and 0.8% 
phosphorous (Bregendahl, 2008).   
 With so many different facets coming together to make DDGS and ethanol, there 
can be variations in ingredient quality.  The differences have become more apparent as 
ethanol production in the United States has rapidly expanded.  Along these same lines, 
with the high fiber content that DDGS typically have, it was traditionally fed to 
ruminants.  However with increased production, there are now opportunities to develop 
DDGS for non - ruminants (Martinez-Amezcua et al., 2007).   
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1.6 Nutrient Characteristics and Value of DDGS 
 DDGS nutrient characteristics can widely vary based on the plant, corn source 
and region.  However, there are nutrients that vary more widely than others.  According 
to Reese and Lewis (1989), corn produced in Nebraska in1988, ranged in crude protein 
form 7.8 to 10%, in lysine content 0.22 to 0.32% and in phosphorous content from 0.24 
to 0.34. The variability of DDGS stems from a variety of reasons, such as corn fractions 
in the final DDGS (Belyea et al., 1998), processing conditions such as drying 
temperatures and duration (Belyea et al., 1998; Sphiehs et al., 2002), and the amount of 
soluble added back to the product (Batal, 2007).   
Lysine varies greatly in availability because when DDGS when dried it is exposed 
to temperatures of approximately 315°C (600°F) (Lumpkins et al, 2005; Martinez-
Amezcua et al., 2007).    It has been reported that exposure to the excessive heat during 
drying leads to a decrease in amino acid availability; specifically lysine availability 
(McGinnis and Evans, 1947; Warnick and Anderson, 1968; Lumpkins et al, 2005). A 
chick growth assay found that lysine availability ranged from 74 to 90% (Combs and 
Bossard, 1969; Lumpkins et al., 2005).  A similar study was conducted by Parsons et al 
(1983) estimated a lower bioavailability of 66%.  The NRC reports variable values for 
lysine, most likely due to the different drying methods used when processing DDGS.  
Lumpkins et al (2005) conducted a study examining the lysine availability when using 
DDGS from modern ethanol plants.  The findings were that the lysine availability ranged 
from 75% to 80%; these values were not far off from the lysine availability of corn, 
which is approximately 81% (Lumpkins et al., 2005).  Thus, the conclusion of this study 
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was that the lysine availability of DDGS in modern ethanol plants was not greatly 
hindered compared to corn lysine availability. 
 As a result of how DDGS is processed, DDGS is considered an economical 
source of phosphorous (Noll et al., 2003).  According to the NRC (1994) for poultry, 
54% of total phosphorous is nonphytate, however research has shown that phosphorous 
availability can vary over a wide range (Singsen et al., 1972; Whitney et al., 1999, Kim et 
al., 2008).  In a study conducted by Lumpkins and Batal (2005), phosphorous availability 
was calculated at 68% and 54% for two different studies using DDGS, this was based on 
a total phosphorous value of 0.74% in DDGS.  The phosphorous availability calculated in 
the studies conducted by Lumpkins and Batal (2005) are similar to the average value 
reported by Martinez Amezcua et al. (2004) for 22 DDGS samples from nonbeverage 
ethanol plants (Lumpkins and Batal, 2005).  Martinez Amezcua et al (2004) reported a 
range of estimated phosphorous availability form 69 to 102% (Martinez Amezcua et al, 
2004; Lumpkins and Batal, 2005).  Additional studies with swine showed higher 
phosphorous availability values ranging from 87.5 to 92.2% (Whitney et al., 2001, 
Lumpkins and Batal 2005).  Based on the NRC (1994) values of available phosphorous 
for corn, which is 29%, DDGS is a more viable source of available phosphorous than its 
corn counterpart.  It has been speculated that the fermentation process that corn 
undergoes to become DDGS improves phosphorous availability (Lumpkins and Batal, 
2005). 
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1.7 Meat and Bone Meal 
 Meat and bone meal is an excellent source of protein, calcium and phosphorous 
for poultry (Parsons et al., 1997; Shirley and Parsons, 2001; Bozkurt et al., 2004).  Most 
meat and bone meals are byproducts of beef and swine processing, thus having variable 
composition (Leeson and Summers, 2001).  Meat and bone meal comes from beef and 
swine offal that is not used in human consumption (Shirley and Parsons, 2001).  Offal 
can be any of the following: restaurant grease, plate waste, trimmings, undigested feed, 
blood, heads, hooves, hides and dead livestock (Shirley and Parsons, 2001).  Most meat 
and bone meal today contains approximately 50% protein and calcium and phosphorous 
are approximately 8 and 4% respectively (NRC, 1994, Scott et al, 2001).  Meat and bone 
meal is also a very cost effective source of non - phytate phosphorous; it has comparable 
availability values to dicalcium phosphate (Sell and Jeffery, 1996; Van der Klis and 
Versteegh, 1996; Bozkurt et al., 2004).   
 However, a potential drawback of incorporating meat and bone meal into the 
ration is the fact that a large portion of the ingredient could be ash (Shirley and Parsons, 
2001; Bozkurt et al., 2004).  The more ash that is present in the sample, the amount of 
crude protein and gross energy decreases; along with this, as ash increases calcium and 
phosphorous concentrations increase (Dale, 1997; Mendez and Dale, 1998; Wang and 
Parsons, 1998; Shirley and Parsons, 2001).  In a study conducted by Shirley and Parsons 
(2001), there was a comparison of various meat and bone meal samples containing 
variable amounts of ash.  Their findings were that increased amounts of ash 
(approximately 26-32%) did not negatively impact amino acid digestibility, however 
when the ash concentration rose above 60%, amino acid digestibility was lower (Shirley 
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and Parsons, 2001).  Naturally, with higher levels of ash, there is a reduction in available 
protein, as with higher levels of ash there is a higher level of collagen which is a poor 
source of amino acids (Shirley and Parsons, 2001; Bozkurt et al., 2004).   
 None the less, meat and bone meal is considered a good source of protein, 
calcium and phosphorous. Numerous studies have been conducted examining the effects 
of including this ingredient in poultry diets.  In a study conducted by Bozkurt et al. 
(2004) to examine the effects of meat and bone meal in laying hen rations during old age, 
there were three different levels of meat and bone meal at 2, 4 and 6% along with a 
control diet.  The findings were that there was an improvement in egg production and egg 
weight with meat and bone meal added to the diet at 2%; the inclusion levels of 4 and 6% 
also saw improvement when compared to the control, but there were no additional 
benefits for the higher inclusion (Bozkurt et al., 2004).  In addition to these findings, 
specific gravity improved significantly with the inclusion of meat and bone meal when 
compared to the control (Bozkurt et al., 2004).  Bozkurt et al. (2004) concluded that meat 
and bone meal can be safely added to the laying hen diet as a source for protein, calcium 
and phosphorous and can be substituted in for a portion of the corn/soy diet.   
 Since reducing cost while maintaining a high level of production is of high 
concern, different ingredients that offer similar nutrient profiles with a lower cost must be 
investigated.  This is the reason as to why meat and bone meal along with DDGS were 
examined.  The cost of corn and soybean meal is rising, according to the USDA website 
(www.ams.usda.gov), as of June 2010 soybean prices were $279.65/ton and corn prices 
were $125.70/ton.  Whereas meat and bone meal prices were $280.19/ton and DDGS 
were significantly lower than corn at $117.88/ton.  Both of these ingredients offer 
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different benefits as outlined previously, but would serve as a partial replacement for corn 
and soybean meal as prices continue to rise.  Thus, as the prices of conventional 
ingredients such as corn and soybean meal continue to rise, producers must look to 
alternatives that can be lower in price to help lower production costs.   
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CHAPTER 2:  The Effects of Phytase and an Enzyme Combination in Moderate 
and Low Nutrient Dense Diets in Laying Hens 
2.1 INTRODUCTION 
Finding ways to reduce feed costs of production is not a new concept.  The animal 
feed industry as a whole has been working toward solutions to lower costs up front and as 
a result have a lower cost at the end product for the consumer.  However, recently with 
grain prices on the rise, producers are examining alternative ways to reduce feed costs.  
Although there are a number of methods, the addition of exogenous enzymes has proven 
to be an effective cost saving mechanism.  Not only are previously unutilized portions of 
feedstuffs now accessible to the animal, they also allow the nutritionist to alter the 
content of the diet.  These two methods allow the producer to lower feed ingredient input 
costs while maintaining optimum production rates. 
Exogenous enzymes have been available for a number of years; and recently their 
use has increased exponentially.  This is mainly due to increased feed costs, for example, 
in 2008 corn rose from $2 to approximately $8 a bushel (Clark, 2009).  Along with this 
trend, dicalcium phosphorous increased from $200 per metric ton to $1,000, and then 
stabilized near $700 in 2008 (Clark, 2009).  These are two examples of the high costs of 
diet components for laying hen rations.   
There are two different methods for incorporating exogenous enzymes into the 
formulated diet.  The first of which is called the “over the top” method which improves 
performance economically, and consists of supplementing standard diets with enzymes 
without altering nutrient levels (Costa et al, 2008). The second approach is to adjust the 
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diet formulation by reducing nutrients and adding exogenous enzymes in order to restore 
nutritional value of the standard diet (Costa et al, 2008).  Both of these methods lead to a 
reduction in costs, the second having the most dramatic drop in costs.  The addition of 
exogenous enzymes to poultry diets has proven to be a substantial cost saver, on average 
the addition allows the producer to save approximately $3 per metric ton (Clark, 2009). 
In addition to the tangible cost savings that exogenous enzymes offer, there are 
also nutritional benefits. Exogenous enzyme supplementation in the diet improves 
production efficiency of poultry by increasing digestion of low quality products and 
reducing nutrient loss through excreta (Costa et al 2008). Exogenous enzymes are able to 
offer nutritional benefits in a variety of ways, including hydrolyzing non-starch 
polysaccharides (NSPs) which could be used by the bird (Buchanan et al 2007; Costa et 
al 2008).  This leads not only to more dietary energy being utilized by the bird, but gut 
viscosity is also decreased.  In addition to enzymes hydrolyzing NSPs, phytase is also 
routinely utilized in poultry diets.  Phytase is used to hydrolyze phytate, which is found in 
every vegetative ingredient.  Phytate not only binds phosphorous but also binds other 
positively charged ions such as calcium, sodium, magnesium, potassium and zinc 
(Leeson and Summers, 2001; Selle and Ravindran, 2007; Costa et al 2008).  Therefore 
when phytate is effectively hydrolyzed, it not only makes phosphorous more available to 
the animal but also any other positively charged cation that was bound to phytate.   
Due to the fact that enzymes have an effective cost saving effect coupled with an 
improvement in nutrient availability to the bird, enzymes are a viable cost saving solution 
in today’s market.  In addition to supplementing poultry diets with exogenous enzymes, 
another effective cost saving mechanism is to examine the feed ingredients available for 
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poultry rations, such as DDGS and meat and bone meal.  DDGS production has increased 
substantially in past years as a result of the Clean Air act of 1990 (Adam, 2008, Zurong, 
2008).  This act has led to an increase in ethanol production and as a result, an increase in 
DDGS production.  Due to processing methods, the nutrient densities of fiber, protein, fat 
and phosphorous are increased from its corn counterpart and have viable availability to 
poultry.  In addition to DDGS, another cost effective ingredient is meat and bone meal 
(MBM). MBM is high in protein, phosphorous and calcium, and studies have shown that 
the addition of exogenous enzymes could further increase the bioavailability of amino 
acids to the bird (Boling-Frankenbach, et al 2001).  Further investigation into DDGS and 
MBM and the effects of enzyme supplementation on their value in poultry rations is 
warranted at this time.   
 
2.2 MATERIALS AND METHODS 
2.2.1 Birds and Housing 
 Three hundred and eighty four Hy-Line W-36 white leghorn laying hens were 
used.  The hens were provided ad libitum access to 100 g of feed per hen per day, water 
was also provided ad libitum via a water nipple drinker system for every cage. There 
were 96 pens in total with 4 hens per pen; each pen was randomly assigned to 1 of 8 
dietary treatments, resulting in 12 replicates per treatment.  The pens were arranged in a 
complete randomized block design, the pens were blocked by row.  The hens were 
housed four per cage (600 cm
2
 per hen) in a four tiered manure belt cage system
1
. The 
experiment was conducted late spring through mid fall in a tunnel-ventilated, evaporative 
                                                          
1 Farmer Automatic of America, Statesboro, GA 30452. 
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pad cooled building.  Sensors monitored the inside temperatures and adjusted ventilation 
of fans or convection heaters to maintain a comfortable room temperature of 
approximately 21°C-25°C. Hens were maintained on a 16 hour photoperiod.  The hens 
were fed experimental diets from 25-52 weeks of age, consisting of two Phases.  Phase 1 
from 25-37 weeks of age, and Phase 2 from 38-52 weeks of age.  Feed intake was 
determined weekly and calculated per hen per day.  Egg production was measured daily 
and calculated as percent egg production per hen per day.  The University of Nebraska 
Institutional Animal Care and Use Committee approved all procedures. 
2.2.2 Diets 
A Phase feeding program was used during the experiment, Phase 1 was fed from 25-37 
wk and Phase 2 was fed from 38-52 wk.  Diets were formulated based on expected feed 
intake and age of the hens.  Recommendations for dietary nutrients were based on Hy-
Line W-36 commercial management guide recommendations
2
 (Hy-Line International, 
2007-2008) and NRC guide recommendations (1994).  The diets were arranged in a 
2x2x2 factorial design, with the variables being ingredient (Dried Distillers Grains with 
Solubles or Meat and Bone Meal), enzyme level (0 or 0.0375% Avizyme® 1502
3
) and 
metabolizable energy (M.E.) level (moderate vs. low). All diets contained Phyzyme® XP 
5000 G
4
 calculated to contain approximately 500 FTU (phytase).  For Phase 1, M.E. 
levels were either 2930 Kcal/Kg or 2860 Kcal/kg for moderate or low M.E. diets, 
respectively.  For Phase 2, M.E. levels were either 2880 Kcal/kg or 2800 Kcal/kg for 
moderate or low M.E. diets, respectively. Avizyme® 1502 was calculated to contain 600 
                                                          
2 Hy-Line International 1755 West Lakes Parkway West Des Moines, IA 50266. 
3 Danisco Animal Nutrition, St. Louis, MO 63147. 
4 Danisco Animal Nutrition, St. Louis, MO 63147. 
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U/g xylanase, 800 U/g amylase and 8000 U/g protease (PAX). DDGS was added to the 
diets at 15% during both Phases; meat and bone meal was added at 5% during both 
Phases as well.  Available P was formulated at 0.30% and Ca was lowered approximately 
10% as recommended by Phycheck® software
5
.  The diets were fed as a mash.  The diet 
formulations for Phase 1 and Phase 2 are shown in Tables 2.1 and 2.2, respectively.  
Upon receiving the analysis of the diets at the conclusion of Phase 1, due to the large 
variance of phytase activity in the diets, the inclusion level was lowered from 0.02% 
inclusion to 0.006% inclusion for Phase 2.   
2.2.3 Measurements and Analysis 
 Measurements during both Phase 1 and 2 included: weekly feed intake, daily egg 
production, biweekly egg weight, monthly hen weight, egg haugh unit (Haugh, 1937), 
yolk weight, albumen weight, shell weight, egg specific gravity and egg shell strength.  
Weekly feed intake was calculated by weighing residual feed in the feeders and 
subtracting that from the amount of feed that was allocated to the pen each week.  The 
amount of feed consumed was divided by the number of hens in the pen to estimate feed 
intake/hen/d.  Egg production was recorded daily; at the conclusion of each week an 
average was calculated per pen. Egg weight was measured biweekly by weighing all eggs 
from each pen and calculating a pen average.  Hens were individually weighed monthly, 
and weights were averaged to obtain a pen average hen weight.  To measure egg quality, 
haugh unit (Haugh, 1937), yolk weight, albumen weight and shell weight, two eggs per 
pen were sampled monthly; first the egg was weighed, next  haugh unit was measured
6
 
and then eggs were broken to separate the shell from the whole egg. Shell weight was 
                                                          
5 Danisco Animal Nutrition, 2006, Denmark. 
6 Eggware V3.0.16, UK; TSS Egg Quality Software, UK. 
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recorded and albumen was separated from yolk and shell and yolk components were 
weighed.   Albumen weight was calculated by the following equation: 
 Albumen weight=(egg weight-(yolk weight-shell weight)). 
Specific gravity was measured monthly on 1 day of egg production and 
determined by submerging the eggs in 5 different concentrations of salt water to see at 
what concentration the eggs would float.  The concentrations were 1.070, 1.075, 1.080, 
1.085 and 1.090.  To examine shell strength, two eggs per pen were taken monthly and 
shell strength was measured utilizing a single column TX.AT Plus Texture Analyzer
7
. 
The software utilized was the Exponent software
4
, which measured and graphed the peak 
force required to crack the egg shell
4
.  The eggs were tested using a compression test 
method, with the major axis perpendicular to the surface.   The egg was compressed with 
a flat probe
4
 (Texture Analyzer TA-4) to resemble packaging impacts.   Eggs were 
compressed at a rate of 10 mm/sec and 1 g of force (Anderson, et al., 2004).  
   At the conclusion of Phase 1 and Phase 2, chromic oxide was added at 0.10% to 
the diets as an indigestible marker and the diets were fed for a week.  Following the week 
of feeding chromic oxide, fecal samples were collected from each pen, and frozen (-
20°C).  The fecal samples were then freeze dried in FTS Systems Drua-Dry (model FD-
20-54)
8
 , and ground in a Cyclotec-1903 Sample Mill
9
,   and sifted through a 1 mm 
screen
9
.  Digestibility calculations were the following (Leeson and Summers, 2001): 
% CP digestibility=((% dietary Cr/% excreta Cr) x (excreta CP/dietary CP)). 
                                                          
7 Stable Micro Systems Instruments Ltd., Vienna Court 1, Lammas Road, goldalming Surrey GU7 1YL, UK. 
8 FTS Systems Inc., Stony Ridge, NY 12484. 
9 Tecator, Huganas , Sweden. 
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% Ca digestibility=((% dietary Cr/% excreta Cr) x (excreta Ca/dietary Ca)). 
% P digestibility=((% dietary Cr/%excreta Cr) x (excreta P/dietary P)). 
mg P retained= (mg feed consumed/hen/d x total P) x % P digestibility. 
mg P excreted = (mg P consumed – mg P retained). 
AME=100-[(dietary Cr/fecal Cr) x (fecal GE/dietary GE) x100].  
At the end of the trial, 1 hen per replicate cage was euthanized by cervical 
dislocation and the right tibia was taken for measurements of length, diameter and fat free 
bone ash (Garlich et al, 1982).  Contents of the jejunum were taken, using Meckel’s 
diverticulum as the end point, to determine the Lactobacillus count of the small intestine 
contents.  Samples were prepared by a tenfold series of dilutions prepared in saline and 
plated on Rogosa SL agar (Difco) to determine Lactobacillus count.  Plates were 
incubated anaerobically at 37°C for 48h using the Anaero-PackTM system
10
 with 
AnaerogenTM gas packs
11
 (Rasmussen, et al., 2009).   
 Diet samples were taken after each mixing event for analysis.  The diets were 
ground in a Cyclotec 1903 Sample Mill, and sifted through a 1 mm screen
9
.  At the end of 
each Phase, the diets were then pooled and analyzed for the following at Eruofins 
Nutrition Analysis Center
12
:  CP
13
 (Kjeldahl method, 954.01; AOAC, 1995), moisture, 
crude fat, crude fiber, ash, Ca (968.08; AOAC 1995), P (964.06; AOAC, 1995), 
chromium (Williams et al, 1962) and gross M.E.  Apparent M.E. for Phase 1 was then 
calculated.    Fecal samples were analyzed for chromium, Ca, P, CP and gross M.E.  The 
                                                          
10 Mitsubishi Gas Chemical America Inc., New York. 
11 Oxoid Ltd., Solaar House, 19 Mercers Row, Cambridge CB5 8BZ, UK. 
12  Eurofins Nutrition Analysis Center Des Moines, IA 50321. 
13 Tecator Kjeltec System, 1002 Distilling Unit, Tecator, Huganas, Sweden. 
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diets were analyzed by Eurofins Scientific Inc. Nutrition Analysis Center Des Moines, 
IA.  Samples of the diets were taken at each mixing (every 2 weeks), samples were then 
analyzed and the results for the feed analysis are an average of the analysis performed 
across the samples for each Phase.  Fecal analysis for chromium, Ca, P and CP were 
analyzed at the University of Nebraska-Lincoln, and gross M.E. values for the feces were 
analyzed by Eurofins Scientific Inc.
14
  
2.2.4 Data Analysis 
 Data were analyzed for repeated measures using Mixed Models (Proc Mixed) 
procedures in SAS
15
 for a randomized complete block design with a 2x2x2 factorial 
arrangement.  The data were tested for the main effects of ingredient, enzyme 
combination and M.E. level and their interaction. Blocking was done to reduce the 
amount of variation in temperature between the blocks. The repeated measures procedure 
was used to examine the treatment effect over a specific time period, and the possible 
treatment by time interactions.  In addition, repeated measures were conducted to analyze 
the covariance pattern and determine which model best fit the data, which was 
determined by the information given.   Covariance patterns tested to determine the best fit 
were compound symmetry (cs), ante-dependance (ante (1)), univariate (un), toepletz 
(toep), and autoregressive (ar (1)).  The pattern that worked with all of the measurements 
was autoregressive (ar (1)).  Data were tested for the main effects of ingredient, enzyme 
combination, M.E. level and time.  The data analyzed via repeated measures included:  
egg production, feed intake, feed conversion, hen wt., hen C.V., egg wt., shell strength, 
                                                          
14 Nutrition Analysis Center Des Moines, IA.   
15 SAS Institute, 2008, Cary, NC 27513. 
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specific gravity, yolk wt., wet shell, dry shell, albumin wt., and haugh unit.  The 
following model statement was used:  
Y = µ + Bi +Ij + Ek + Al + Tm + IEjk + IAjl + EAkl + IEAjkl + IETjkm + EATklm + εijklm 
where  µ is the overall mean; Bi is block effect; Ij is the effect of ingredient; Ek is the 
effect of enzyme combination; Ak is the effect of M.E. level; Tm is the effect of time; IEjk 
is the interaction of ingredient  and enzyme combination; IAjl is the interaction of 
ingredient and M.E. level; EAkl is the interaction of enzyme combination and M.E. level; 
IEAjkl is the interaction of ingredient, enzyme combination and M.E. level; IETjkm is the 
interaction of ingredient, enzyme combination and time; EATklm is the interaction of 
enzyme combination, M.E. level and time; εijkml  is the residual error. The separation of 
the means was done using LS means statement with pdiff option.   
The digestibility data were analyzed via Proc Glimmix in SAS
16
, which included 
Ca, P, C.P. and A.M.E., along with tibia measurements: length, diameter and bone ash, 
and microbiological data.  This model was also used to examine egg production and feed 
intake the last two weeks of Phase 1 (wks 11 and 12), and analyzed via Proc Mixed 
procedures in SAS
16
.    The model used for this analysis is the following: 
Y = µ +Bi + Ij + Ek + Al + IEjk + IAjl + EAkl + IEAjkl + εijkl 
where µ is the overall mean; Bi is the block effect; Ij is the effect of ingredient; Ek is the 
effect of enzyme combination; Al is the effect of M.E. level; IEjk is the interaction of 
ingredient and enzyme combination; IAjl is the interaction of ingredient and M.E. level; 
EAkl is the interaction of enzyme combination and M.E. level; IEAjkl is the interaction of 
                                                          
16 SAS Institute, 2008, Cary, NC 27513. 
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ingredient, enzyme combination and M.E. level; εijkl  is the residual error.  Means were 
separated using LS means statement with the slicediff option. 
 
2.3 RESULTS 
 2.3.1 Production Results  
 There was no significant difference among diets during Phases 1 and 2 for egg 
production. However, there was a significant ingredient by M.E. interaction effect for 
Phase 1 (P≤0.049) and the trend continued for Phase 2 (P≤0.036). In Phase 1, diets 
containing low M.E. with DDGS had higher egg production (93.03%) compared to diets 
with moderate M.E. and DDGS (90.26%).  However, diets containing meat and bone 
meal, and moderate M.E. had higher egg production (92.31%) compared to the diets 
containing MBM and low M.E.(91.42%).  This trend continued into Phase 2, where the 
diets containing the DDGS and low M.E. had higher egg production with (86.95%) 
compared to diets containing moderate  M.E. (84.17%).  As with Phase 1, the diets 
containing meat and bone meal and the moderate M.E. value higher egg production 
(86.61%); compared to diets with low M.E. having 84.83% egg production.  There was a 
2% drop in egg production at the conclusion of Phase 1during the time period of June 15-
26, 2009.  The drop was most likely attributed to a drop in feed intake as a result of house 
temperatures being greater than 32°C.  During the time of heat stress (wks 11 and 12), 
there was no significant difference between the treatments (Table 2.3b).  However, there 
were significant differences when examining in the ingredient by M.E. interaction 
(P≤0.032) and enzyme combination by M.E. interaction (P≤0.043). First examining the 
ingredient by M.E. interaction, the diets containing DDGS and moderate M.E. levels had 
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significantly lower egg production (80.88%) than the low M.E. counterpart (89.60%).   
Diets containing MBM had the opposite effect, the diets containing moderate levels of 
M.E. had slightly higher (85.02%) egg production percentages than their low M.E. 
counterparts (83.17%), however this was not as drastic as the diets containing DDGS.  
Moving on to the second interaction, which was enzyme combination by M.E. level 
(P≤0.043), when examining this more closely diets that contained both the PAX and 
phytase with low M.E. had greater egg production (88.71%), than their moderate M.E. 
counterparts (80.33%).  Whereas, diets containing only phytase had similar egg 
production percentages between the moderate M.E. level (85.56%) and low M.E. level 
(84.06%) (Table 2.3b).    
There was no significant difference between diets during Phase 1 and Phase 2 for 
feed intake.  However, at the conclusion of Phase 1, when barn temperatures exceeded 
32°C for two weeks, feed intake dropped approximately 10% across all diets.  Along with 
this, there was a significant interaction effect between ingredient (DDGS or MBM), 
enzyme (phytase or phytase and PAX) and time (P ≤0.0002) on feed intake (Figure 2.1, 
Figure 2.2).  During the last two weeks (wks 11 and 12) of Phase 1, diets containing 
DDGS and phytase maintained a more consistent feed intake over the two week period of 
86.05 g and 85.00 g respectively when compared to DDGS with phytase and PAX, which 
had a feed intake of 86.31g and 83.15 g respectively. The diets containing meat and bone 
meal and phytase only had feed intake drop from wks 11 and 12 from 84.33 g to 80.19 g 
respectively.  Similar to these effects, M.E. (M.E.=2900 Kcal/kg and M.E.=2860 
Kcal/kg) and time interaction effect was approaching significance (P ≤0.083).  Diets 
containing the moderate M.E. had feed intake values of 84.08 g for wk 11 and 81.32 g for 
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wk 12.  While diets containing low M.E. had feed intake values for wks 11 and 12 of 
86.91 g and 85.18 g respectively.  Thus, diets containing lower M.E. had a more 
consistent feed intake in times of heat stress.  Also during Phase 1, a significant enzyme, 
M.E. and time interaction effect was significant.  During wks 11 and 12, diets containing 
phytase and PAX and moderate M.E. had feed intake values of 85.43 g and 81.61 g 
respectively.  Diets containing phytase and PAX and low M.E. had feed intake values of 
86.18 g and 86.19 g weeks 11 and 12, respectively.  Thus showing that when phytase and 
PAX are in combination, the feed intake drop was less dramatic and stayed more 
consistent in times of heat stress.  In addition to these interactions, during the final two 
weeks of Phase 1 (wks 11 and 12), there was a significant main effect of M.E. level 
(P≤.0.02), as the diets containing the low M.E. levels had significantly higher feed intake 
(86.04 g) than the moderate M.E. diets (82.92 g).  During Phase 2, the interaction effects 
of ingredient, enzyme and time did not continue were no longer significant for feed 
intake.  A trend that did continue from Phase 1 into Phase 2 was the significant difference 
of the main effect of M.E. (P ≤0.042; P ≤0.029 respectively).  During both Phase 1 and 
Phase 2, the diets containing low M.E. showed an increase in feed intake.  In Phase 1, the 
increase was from 92.0 g to 93.5 g, and in Phase 2 the increase was from 90.0 g to 92.4 g.      
 There were no significant differences between treatments for feed conversion 
(Table 2.3) for Phases 1 or 2.  There were also no significant differences in hen weight 
(Table 2.4), hen covariance (C.V.) or egg weight for Phases 1 or 2. When examining the 
main effect interactions, there were significant differences in hen weight C.V. during 
Phase 1 for enzyme by time interaction (P ≤0.019).  During month 3 of Phase 1, diets 
containing phytase had a lower C.V. value of 6.0% compared to diets containing phytase 
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and PAX having a C.V. value of 7.10%.  This was an isolated incident and this 
interaction, enzyme by time was non-significant during Phase 2.   
Egg weight showed a significant enzyme by time interaction during Phase 2 
(P≤0.047).  Throughout the course of Phase 2, the diets containing phytase had a greater 
increase in egg size, with egg wt. increasing from approximately 55.83 g to 60.04 g by 
the end of the trial.  This compared to diets containing phytase and PAX which had a gain 
from approximately 55.40 g to 59.76 g.   
 Egg quality parameters measured included shell strength and specific gravity, 
yolk weight, Haugh unit, albumen weight, and shell weight (wet and dry). There were no 
significant differences between the diets for shell strength and specific gravity during 
Phase 1 or Phase 2 (Table 2.5).  There were no significant differences between the diets 
during Phase 1 and Phase 2 for the following measurements: yolk weight, wet shell 
weight, Haugh unit, dry shell weight and albumen weight (Table 2.6 and 2.7).   
Overall, there was no difference across diets for Ca digestibility during Phase 1 
(Table 2.8).  In Phase 1, there was a significant main effect of M.E. level (P ≤0.004) on 
Ca digestibility.  Diets with moderate M.E. having Ca digestibility of 58.36% compared 
to 54.44% for low M.E.  When examining the ingredient by enzyme interaction 
(P≤0.011), diets with DDGS, the combination of PAX and phytase and moderate ME 
level had higher Ca digestibility values of 58.44% compared to 54.45% in DDGS diets 
containing only phytase (Figure 2.3).  When diets contained MBM, phytase and the 
moderate ME level, Ca digestibility was 57.80% when compared to the diets containing 
PAX having Ca digestibility values of 54.91%.  In Phase 2, the trend of M.E. having a 
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significant effect on Ca digestibility continued (P ≤0.041), with the low M.E. having an 
increase in Ca digestibility of 65.53% compared to 63.07% with moderate M.E.  During 
Phase 2, enzyme had a significant effect on Ca digestibility (P ≤ 0.015).  Diets containing 
both PAX and phytase had a greater Ca digestibility of 65.77% compared to the diets 
containing only phytase (62.83%).  In addition to the main effects, there was one 
significant interaction during Phase 2.  Ingredient by energy showed a significant 
interaction (P ≤0.001); diets containing DDGS and low M.E. had higher Ca digestibility 
at 66.53% compared to DDGS at moderate M.E. with a Ca digestibility value of 60.14% 
(Figure 2.11).  For meat and bone meal the effect was not as dramatic, however the diets 
containing moderate M.E. level had Ca digestibility values of 65.99%, compared to low 
M.E. Ca digestibility values of 64.54%.   
 Overall, there was a significant difference between diets in P digestibility (Table 
2.8a) during Phase 1 (P ≤0.019) with average digestibility values quite low.  This was 
likely due to the fact that the hens were exposed to heat stress conditions during the final 
two weeks of Phase 1 when fecal samples were collected. The diet that that had the 
greatest P digestibility was the diet containing DDGS, phytase and low M.E., as this diet 
had a digestibility value of 19.97% (Figures 2.5 and 2.6).   There were no significant 
differences between the main effects, however there were significant interactions when 
examining ingredient by M.E. (P ≤0.035) and enzyme by M.E. (P ≤0.028).  These results 
revealed that the diets containing DDGS had more consistent P digestibility levels 
between the moderate and low ME during heat stress.  Diets containing only phytase 
exhibited higher P digestibility values than the diets containing both PAX and phytase.   
Due to the interesting interactions found in Phase 1, calculations were carried out to 
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determine mg P retained and excreted by the hen, (Table 2.8 b).  This was done to 
determine if the percentages calculated for percent digestibility painted an accurate 
picture.  What was found was that all the significant interactions found with percent P 
digestibility were not significant, indicating that the hen became more efficient with 
phosphorous utilization during this time of heat stress.  Many of these differences 
continued during Phase 2, as there were significant differences among the diets (≤0.045), 
as well as main effect differences between enzyme levels (p≤0.0001).  The difference in 
between the enzyme levels showed that diets containing both PAX and phytase had 
higher P digestibility (46.45%), than diets that contained only phytase (40.82%) (Figure 
2.7).    In the ingredient by enzyme interaction, in both cases of DDGS and MBM, when 
fed PAX and phytase, the P digestibility was higher (48.59% and 44.32% respectively) 
than the diets containing only phytase (39.03% and 42.63% respectively).  Finally, there 
was an enzyme by M.E. interaction effect, diets with PAX and phytase at the different 
M.E. levels had very similar P digestibility values of 46.40% (moderate M.E.) and 
46.51% (low M.E.).  However, diets containing only phytase had varied P values 
depending on the M.E. value.  Diets containing phytase with moderate M.E. had a P 
digestibility value of 38.25%, whereas diets containing low M.E. values had P 
digestibility values of 43.41%.    
 When examining crude protein (C.P.) digestibility values, there was a significant 
diet effect during Phase 1 (P ≤0.002) (Figures 2.9 and 2.10).  When examining the 
interactions between the different treatments, there was a highly significant interaction 
effect between ingredient by M.E. (P ≤0.0001).  When DDGS was the ingredient and 
M.E. was low, the digestibility value was 52.96% compared to 49.38% when M.E. was 
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high.  However, when MBM was the test ingredient in the treatment, at moderate M.E. 
value the digestibility value was 54.90% compared to 49.57% with low M.E. (Figure 
2.8).  There was also a significant interaction effect between ingredient and enzyme 
(P≤0.052).  The diets containing DDGS had similar digestibility values at both enzyme 
inclusion levels (51.33% and 51.01% respectively) (Figures 2.9 and 2.10).  The diets 
containing meat and bone meal had significantly different values; the diets containing 
only phytase had a higher digestibility value of 52.96% compared to 49.38% when PAX 
and phytase were added to the diets.  Phase 2 showed no significant differences across the 
diets, however there were significant interaction effects between ingredient by enzyme 
(P≤0.0001), ingredient by M.E. (P ≤0.053) and enzyme by M.E. (P≤0.053).  In the 
interaction between ingredient by enzyme, the diets containing DDGS and PAX and 
phytase had C.P .digestibility value of 70.18% compared to the diet containing only 
phytase having a digestibility value of 64.25%. The C.P. digestibility values for meat and 
bone meal were more similar for this interaction as the diets containing PAX and phytase 
had a digestibility value of 67.55% and the diets containing only phytase had a 
digestibility value of 68.378% (Figure 2.11).  In the ingredient by M.E. interaction, 
DDGS had similar values with both moderate and low M.E. values (67.18% and 67.76% 
respectively).  However, meat and bone meal had varying values between the moderate 
M.E. (69.03%) compared to the low M.E. (66.90%).  The final interaction to examine 
was between enzyme and M.E.  The diets containing only phytase had very similar 
digestibility values between the moderate and low M.E. values of 66.02% and 66.61% 
respectively.  However, the diets containing PAX and phytase had varying digestibility 
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values depending on the M.E. value.  The diets containing the moderate M.E. value had 
digestibility values of 70.18% compared to the low at 68.05%. 
 The apparent M.E. values (Table 2.8) were significantly different between diets 
(P ≤0.0001) (Figures 9 and 10).   However, this interaction may have been a residual 
effect of the heat stress on the hens.  No other interactions between the main effects were 
significant.  However, when examining the main effects, enzyme level was highly 
significant (p≤0.0006), and when further investigating the overall means of the enzyme 
levels, the diets with both the PAX and phytase had higher A.M.E. values of 2.731 
Kcal/kg compared to the diets containing only phytase contained a value of 2.687 
Kcal/kg.   The diets with 0.0375% PAX added had consistently higher A.M.E. 
digestibility values than those diets with only the 0.02% phytase.  No other ingredient 
main effect values were significant.    
 Tibia measurements taken included length and diameter along with fat free bone 
ash (Table 9).  There were no significant differences between treatments for length, 
diameter or fat free bone ash.  In examining interactions, ingredient by enzyme 
interaction for length was approaching significance (P ≤0.086).  The trend indicated that 
diets containing DDGS and low M.E. had a greater length of 109.24 mm, compared to 
107.86 mm that diets containing DDGS and moderate M.E.  For diets containing meat 
and bone meal, the diets containing moderate M.E. had the greater length of 109.65 mm 
compared to the diets containing low M.E. with a length of 108.36 mm. Bone diameter 
showed a significant interaction between enzyme and M.E. (P≤0.043).  The diets 
containing both PAX and phytase and fed the moderate M.E. level had a greater diameter 
overall of 6.623 mm, compared to the low M.E. level of 6.365 mm.   The effects of diets 
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fed only phytase and low M.E. had a greater diameter of 6.478 mm, compared to the 
moderate M.E. level of 6.373 mm.   
 There were no significant differences between treatments on viable plate count 
Lactobacillus (Table 2.10). However when examining the main effects, there was a 
significant difference when examining ingredient (P≤0.025) (Table 2.10).  The diets 
containing DDGS had a significantly higher count of 1.998 x 10
-6
 CFU/mL compared to 
diets containing only MBM, which had a count of 1.880 x 10
-6
 CFU/mL.    Therefore, 
diets containing DDGS promote greater Lactobacillus count than the MBM diets. 
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2.4 DISCUSSION 
In this study, phytase was used alone or added in combination with PAX.  This 
study focused on the effects of the enzymes with two different test ingredients, DDGS 
and MBM, and with moderate or low energy levels.  Our hypothesis was if dietary M.E. 
was lowered, the addition of PAX and phytase would increase nutrient availability and 
production parameters.  Overall, results indicate no significant differences between the 
treatments on production parameters.  There were exceptions, especially when examining 
feed intake.  As expected, with the lower M.E. diets, feed intake increased compared to 
the moderate M.E. diets during both phases.  At the conclusion of Phase 1, there was an 
increase in house temperature to greater than 32°C.  This lead to interactions between 
ingredient, enzyme and time, which highlights the interaction between the ingredient and 
enzyme.  With DDGS, the diets containing both PAX and phytase had a lower feed 
intake for the duration of those two weeks than the diets containing only phytase.  This 
could be attributed to the fact that the PAX combination is expected to act on resistant 
starch and improve accessibility and solubility of nutrients, which improves ME and 
protein digestibility (Olukosi et al., 2007).  With the improved availability of ME, this 
would have reduced feed intake as seen with DDGS.  DDGS are a concentrated form of 
corn, high in fiber, protein, fat and phosphorous.  With the improvements PAX and 
phytase offer in nutrient digestion, and the increase in M.E., this could be attributed to the 
drop in feed intake during the hot house temperatures recorded during the last 2 weeks of 
Phase 1. 
The opposite effect was observed with the test ingredient MBM.  The diets 
containing only phytase had a greater reduction in feed intake the last two weeks of Phase 
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1 than diets containing PAX and phytase.  Again, examining ingredient composition 
could help explain this, as MBM is high in protein and phosphorous. MBM doesn’t 
contain the additional fiber that DDGS contained.  This may have lead to a reduction in 
available M.E. to the hen, resulting in a less dramatic drop in feed intake. 
When examining ingredient acceptability and enzyme combination interaction, 
there were marked differences.  During Phase 1, there were significant differences in how 
the two test ingredients interacted with the enzyme combination.  Diets containing DDGS 
and PAX+phytase had higher Ca digestibility (58.44%) than diets containing DDGS and 
phytase (54.45%).  It has been reported that the combination of carbohydrases with 
phytase may boost phytase activity (Olukosi et al., 2007; Francesch and Geraert, 2009).  
Phytase releases phytate bound P, but also any other cations, including Ca.  This could 
possibly explain the effect that the addition of PAX with phytase had on the diets 
containing DDGS.  Examining the test ingredient MBM, the results were that diets 
containing phytase had a greater Ca digestibility (57.80%) than diets containing both 
PAX and phytase (54.90%).  MBM does not have the fibrous substrate that the PAX 
hydrolyzes and MBM is comprised of animal material, so the phytase should be sufficient 
in hydrolyzing the phytic acid found in the plant materials of the diet and releasing all 
that was previously bound to it.   This trend did not continue for Phase 2, however, 
enzyme combination had marked differences on Ca digestibility.  As diets containing 
PAX and phytase had a 3% greater Ca digestibility than diets containing only phytase. In 
addition to the enzyme combination, there was a significant interaction between 
ingredient and M.E., particularly with DDGS as the test ingredient.  Diets containing 
DDGS and low M.E. had a higher Ca digestibility (66.52%) than diets containing DDGS 
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and moderate M.E. (60.53%).  This could be attributed to the fact that the hens fed the 
low M.E. diet simply consumed more, to help counteract the low M.E. which led to an 
increase in Ca intake and digestibility as well.   
Examining P digestibility, beginning with Phase 1, P digestibility values were low 
due to an increase in environmental and house temperature above 32°C. Due to this heat 
stress, several measurements were signficiant.  Overall P digestibility was higher for diets 
containing DDGS compared to diets containing MBM.  In addition to this, diets 
containing both PAX and phytase had lower P digestibility in Phase 1 than diets 
containing only phytase.  It has been reported that with increasing ambient temperature, 
there will be an increase on minerals, especially P, excreted by the hen (Belay et al., 
1992; Belay and Teeter, 1996).  In addition to the previous findings, it is known that 
during times of heat stress and decreased feed intake there is increased tissue turnover 
due to a decrease of nutrients being absorbed, this can especially impact P digestibility.  
As during times of low Ca and P absorption, bone turnover will take place.  This is 
triggered by the parathyroid hormone (PTH), which regulates Ca absorption (Reece et al., 
2004).  When PTH is released, it acts on osteoblasts, which are the cells that regulate 
bone formation (Reece et al., 2004).  The osteoblasts in return access the bone and 
turnover a portion of Ca into its extracellular space (Reece et al., 2004).  When PTH is 
released for a prolonged period, such as when the hen is undergoing heat stress, the 
activity of the osteoblasts allow osteoclasts (cells that assist in the turnover of bone) to 
become active and slowly erode the bone, releasing more Ca and P (Reece, et al., 2004).  
In addition to PTH, 1,25- dihydroxyvitamin D acts on the intestine to increase the 
efficiency of Ca and P absorption (Reece, et al, 2004).  Finally, calcitonin is released 
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from the thyroid in response to elevated Ca blood levels and acts on osteoclasts to inhibit 
bone resorption, however its effects are short lived, as osteoclasts develop a tolerance to 
calcitonin (Reece, et al., 2004). This process is most likely a contributing factor as to why 
P digestibilities were low for Phase 1. During Phase 2 house temperatures were moderate 
and there was an increase in P digestibility with diets supplemented with both PAX and 
phytase of 6%.  This contradicts what was previously reported by Cowieson and Adeola 
(2005), stating that PAX did not improve mineral digestibility.  However, it has also been 
reported that the addition of PAX to fibrous ingredients assists in release of minerals such 
as Ca and P (Francesch and Geraert, 2009; Olukosi et al., 2007).  This can help explain 
its effect on diets containing DDGS.  Diets containing PAX, phytase and DDGS had 
consistanly higher P digestibility values than diets containing PAX, phytase and MBM.   
The effect that the enzyme combination has on apparent metabolizable energy 
(A.M.E.) is to be expected.  It has been well documented that the addition of PAX to the 
diet assists with increasing the M.E. (Cowieson and Adeola, 2005; Olukosi et al., 2007; 
Troche et al., 2007).  Thus it was no surprise that diets containing both PAX and phytase 
had a higher A.M.E values than diets containing only phytase.  In addition, overall diets 
containing PAX and phytase had consistently higher A.M.E. values than the diets 
containing phytase at both moderate and low M.E. levels.  This is especially important as 
these results show that with a reduction of M.E., the supplementation of PAX will assist 
in recouping the deficient in M.E.   
Lactic acid bacteria such as Lactobacillus are hypothesized to have a positive 
effect on gastrointestinal health.  Lactobacillus are the major component of the microbial 
barrier to infection, especially against opportunistic pathogens such as E. coli (Yang et 
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al., 2010).  Therefore, increasing the number of Lactobacillus in the gastrointestinal tract 
will be beneficial to the animal.  Examining the results of the total count of Lactobacillus 
in this study, although there were no significant differences between the treatments, there 
was a significant effect between ingredients.  The results showing that diets containing 
DDGS had significantly higher total Lactobacillus counts than diets containing MBM.  
This relationship has been previously seen, as Yang et al. (2010) reported that diets 
containing corn DDGS had greater lactic acid containing bacteria than diets containing 
wheat DDGS.  This could be because of the composition of DDGS in that it is more 
fibrous offers more nutrients to Lactobacillus than MBM.  Further investigation should 
be conducted to investigate this observation.  
Overall, this research show positive results when limiting Ca, P and M.E. and 
supplementing with exogenous enzymes.  This is especially apparent when 
supplementing with PAX and phytase.  The addition of PAX allows for the recoup of 
M.E., along with increased levels of absorption of Ca, P, C.P. and A.M.E.  In addition, 
with limiting Ca, P and M.E., there were no negative effects on production values.  
Lowering diet nutrient density while supplementing with enzymes reduces the overall 
diet cost, which should contribute to the profitability of the production of eggs. The 
acceptability of the test ingredient depends on least cost formulation.  Both DDGS and 
MBM exhibited similar overall effects of nutrient digestibility, and when examining 
production, overall there were no significant differences.  Therefore, either ingredient is 
acceptable with these enzyme combinations.   
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1
= Vitamin and trace mineral premix provided the following per kilogram:  vitamin A 
(retinyl acetate, 6,600 IU); vitamin E (DL-α-tocopheryl acetate, 10 IU); vitamin K3 
(menadione dimethpyrimidinol, 2.0mg); riboflavin (4.4 mg); pantothenic acid (6.6 mg); 
niacin (24.2 mg); choline (110 mg
-1
); vitamin B7 (biotin, 8.8 mg
-1
); and ethoxyquin (1.1 
mg/kg). Mn (MnO, 88 mg); Cu (CuSO4H2O, 6.6 mg); Fe (FeSO4H2O, 8.5mg); Zn (ZnO, 
88 mg); and Se (Na2SeO3, 0.30 mg). 
2
= Metabolizable Energy (Kcal/kg). 
3
= Eurofins Nutrition Analysis Center, Des Moines, IA 50321. 
4
= Eurofins Nutrition Analysis Center, Des Moines, IA 50321. 
Ingredient  Diet 1 Diet 2 Diet 3  Diet 4 Diet 5 Diet 6 Diet 7 Diet 8 
Corn (%) 55.61 55.55 65.12 64.94 56.62 56.56 66.01 65.95 
Soybean Meal (%) 16.14 16.51 18.69 18.87 15.95 15.96 18.67 18.68 
DDGS (%) 15.00 15.00 0.00 0.00 15.00 15.00 0.00 0.00 
Meat & Bone Meal (%) 0.00 0.00 5.00 5.00 0.00 0.00 5.00 5.00 
A-V Blend (%) 2.51 2.52 1.82 1.86 1.69 1.70 1.03 1.04 
Dical Phosphate (%) 0.45 0.45 0.05 0.05 0.45 0.45 0.01 0.05 
Limestone (%) 9.56 9.56 8.62 8.62 9.56 9.56 8.62 8.62 
Salt, white (%) 0.29 0.30 0.28 0.28 0.30 0.30 0.28 0.28 
Methionine (%) 0.14 0.15 0.18 0.18 0.15 0.15 0.18 0.18 
Vit Premix (%)
1
 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 
Lysine (%) 0.15 0.15 0.10 0.03 0.15 0.15 0.03 0.03 
Nutrient Analysis, Calculated             
M.E. 
2 
2,900 2,900 2,900 2,900 2,860 2,860 2,860 2,860 
Ca (%) 3.79 3.79 3.79 3.79 3.79 3.79 3.79 3.79 
Total Phos. (%)                           0.45  0.45  0.56  0.56  0.45  0.45  0.56  0.56 
Avail. Phos. (%) 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 
Lysine (%) 0.88 0.88 0.93 0.88 0.88 0.88 0.88 0.88 
Methionine (%) 0.43 0.43 0.46 0.46 0.43 0.43 0.46 0.46 
Protein (%) 17.00 17.00 17.50 17.50 17.00 17.00 17.50 17.50 
Met + Cys (%) 0.72 0.72 0.72 0.72 0.72 0.72 0.72 0.72 
Phyzyme (%) 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 
Avizyme (%) 0.00 0.0375 0.00 0.0375 0.00 0.0375 0.00 0.0375 
Nutrient analysis, analyzed             
M.E.
2 
3.70 3.72 3.59 3.61 3.67 3.70 3.56 3.67 
Ca (%) 4.35 4.53 4.04 3.99 4.02 4.31 4.26 4.43 
Total Phos. (%) 0.53 0.52 0.51 0.50 0.49 0.47 0.51 0.48 
Protein (%) 16.07 15.06 16.06 16.40 16.06 15.67 16.46 16.32 
Phytase (ftu/kg)
 2
 1200.00 1100.00 690.00 1200.00 2300.00 1100.00 1500.00 930.00 
Amylase (U/kg)
 3
 <100  1400.00 110.00 1300.00 220.00 1800.00 120.00 990.00 
Table 2.1.  Composition of diets for Phase 1. 
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1
= Vitamin and trace minerals provided the following per kilogram:  vitamin A (retinyl 
acetate, 6,600 IU); vitamin E (DL-α-tocopheryl acetate, 10 IU); vitamin K3 (menadione 
dimethpyrimidinol, 2.0mg); riboflavin (4.4 mg); pantothenic acid (6.6 mg); niacin (24.2 
mg); choline (110 mg
-1
); vitamin B7 (biotin, 8.8 mg
-1
); and ethoxyquin (1.1 mg/kg). Mn 
(MnO, 88 mg); Cu (CuSO4H2O, 6.6 mg); Fe (FeSO4H2O, 8.5mg); Zn (ZnO, 88 mg); and 
Se (Na2SeO3, 0.30 mg). 
2
= M.E.= Metabolizable Energy (Kcal/kg). 
3
= Eurofins Nutrition Analysis Center, Des Moines, IA 50321. 
4
= Eurofins Nutrition Analysis Center, Des Moines, IA 50321. 
Ingredient  Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6 Diet 7 Diet 8 
Corn (%) 58.70 56.56 69.42 69.03 58.02 58.57 70.54 70.55 
DDGS (%) 15.00 15.00 0.00 0.00 15.00 15.00 0.00 0.00 
Meat & Bone Meal (%) 0.00 0.00 5.00 5.00 0.00 0.00 5.00 5.00 
Soybean Meal (%) 13.14 15.02 14.68 14.98 15.18 14.65 14.35 14.35 
Limestone (%) 10.12 10.11 9.17 9.17 10.11 10.11 9.36 9.36 
Animal Vegetable Fat (%) 1.90 2.23 1.03 1.09 0.68 0.60 0.00 0.00 
Dical. Phosphate(%) 0.39 0.38 0.00 0.00 0.37 0.38 0.00 0.00 
Common Salt (%) 0.30 0.30 0.29 0.29 0.30 0.30 0.32 0.28 
DL-Methionine (%) 0.17 0.14 0.21 0.20 0.13 0.14 0.21 0.21 
L-Lysine HCl (%) 0.18 0.11 0.10 0.09 0.10 0.12 0.11 0.11 
Vit. Premix (%)
1
 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 
Nutrient analysis, calculated                 
M.E. 
2 
2,880 2,880 2,880 2,880 2,800 2,800 2,823 2,824 
Ca( %) 3.98 3.98 3.98 3.98 3.98 3.98 4.05 4.05 
Total Phos. (%)  0.43  0.43  0.54  0.54  0.43  0.43  0.54  0.54 
Avail. Phos. (%) 0.30 0.30 0.30 0.31 0.30 0.30 0.31 0.31 
Lysine (%) 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82 
Methionine (%) 0.45 0.42 0.46 0.46 0.41 0.42 0.46 0.46 
Protein (%) 15.86 16.50 15.94 16.04 16.69 16.50 15.89 15.89 
Met + Cys (%) 0.72 0.70 0.70 0.70 0.70 0.70 0.70 0.70 
Phyzyme (%) 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006 
Avizyme (%) 0.00 0.0375 0.00 0.0375 0.00 0.0375 0.00 0.0375 
Nutrient analysis, analyzed                 
M.E.
2 
3.61 3.63 3.43 3.48 3.54 3.56 3.45 3.48 
Ca (%) 3.94 4.84 5.15 4.85 4.75 4.98 4.77 4.88 
Total Phos. (%) 0.51 0.50 0.50 0.53 0.47 0.53 0.53 0.53 
Protein (%) 15.34 15.03 14.38 15.49 15.08 15.22 14.70 14.07 
Phytase (ftu/kg)
2
 260.00 400.00 200.00 450.00 350.00 190.00 230.00  200.00 
Amylase (U/kg)
3
 <100 1000.00 <100 1100.00 <100 1300.00 <100  <100 
Table 2.2. Diet composition for Phase 2. 
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1
= Phyzyme® 5000G XP; Danisco Animal Nutrition, St. Louis, MO 63147.
 
2
= Avizyme ®1502 and Phyzyme® 5000G XP; Danisco Animal Nutrition, St. Louis, MO 63147.
 
3
= Moderate M.E. level, Phase 1 M.E.=2900 Kcal/kg; Phase 2 M.E.=2880 Kcal/kg 
 4
= Low M.E. level, Phase 1 M.E.=2860; Phase 2 M.E.=2800 Kcal/kg. 
5
= Standard Error Means. 
  
  Phase 1   Phase 2  
                      Diets  
 
Ingred.        Enzyme           M.E. 
Egg 
Production 
(%) 
Feed 
Intake 
(g/hen/d) 
Feed Conversion  
(g feed:g egg) 
Egg 
Production 
(%) 
Feed 
Intake 
(g/hen/d) 
Feed Conversion 
(g feed:g egg) 
DDGS   P
1
 Moderate
3
 91.70 91.69 1.66 84.83 91.98 1.60 
DDGS   PAX+P
2
   Moderate
3
 88.81 92.44 1.69 83.52 91.80 1.60 
MBM   P
1
 Moderate
3
 92.79 92.00 1.67 85.73 88.15 1.52 
MBM  PAX+P
2
   Moderate
3
 91.86 91.75 1.68 87.48 90.63 1.56 
DDGS  P
1
 Low
4
 92.79 93.60 1.72 86.61 91.92 1.58 
DDGS  PAX+P
2
   Low
4
 93.65 93.61 1.70 87.30 93.47 1.61 
MBM   P
1
 Low
4
 90.65 93.44 1.70 85.04 92.89 1.57 
MBM  PAX+P
2
   Low
4
 92.19 92.81 1.67 84.61 91.23 1.56 
SEM
5 
1.300 1.042 0.019 1.510 1.042 0.238 
Main Effects       
Ingredient       
DDGS 91.64 92.84 1.69 85.57 92.09 1.58 
MBM 91.84 92.50 1.68 85.72 90.73 1.55 
p-value 0.81 0.62 0.32 0.89 0.12 0.05 
Enzyme       
A+P
2
   91.63 92.65 1.68 85.72 91.78 1.58 
P
1
 91.87 92.68 1.69 85.73 91.04 1.56 
p-value 0.79 0.96 0.74 0.86 0.39 0.17 
M.E.        
Moderate 
3 
91.28 91.90 1.68 85.55 90.44 1.56 
Low
4 
92.22 93.37 1.69 85.89 92.38 1.58 
p-value 0.31 0.04 0.12 0.64 0.03 0.24 
SEM
5 
0.007 0.642 0.010 0.757 0.826 0.012 
Interactions       
Ingredient x Enzyme NS NS NS NS NS NS 
Ingredient x M.E. 0.049 NS NS 0.036 NS NS 
Enzyme x M.E.  0.077 NS NS NS NS NS 
Ingredient x Enzyme x M.E. NS NS NS NS NS NS 
M.E. x Time NS   0.087 NS NS NS NS 
Ingredient x Enzyme x Time NS  0.0002 NS NS NS NS 
Enzyme x M.E. x Time NS   0.079 NS NS NS NS 
Table 2.3a:  Layer Production Data:  egg production, feed intake, and feed conversion. 
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1
= Phyzyme® 5000G XP; Danisco Animal Nutrition, St. Louis, MO 63147.
 
2
= Avizyme ®1502 and Phyzyme® 5000G XP; Danisco Animal Nutrition, St. Louis, MO 
63147.
 
3
= Moderate M.E. level, Phase 1 M.E.=2900 Kcal/kg; Phase 2 M.E.=2880 Kcal/kg 
4
= Low M.E. level, Phase 1 M.E.=2860; Phase 2 M.E.=2800 Kcal/kg. 
5
= Standard Error Means. 
  Phase 1 
                      Diets  
 
Ingred.        Enzyme           M.E. 
Egg 
Production 
(%) 
Feed 
Intake 
(g/hen/d) 
DDGS   P
1
 Moderate
3
 84.92 83.27 
DDGS   PAX+P
2
   Moderate
3
 76.83 82.42 
MBM   P
1
 Moderate
3
 86.21 81.36 
MBM  PAX+P
2
   Moderate
3
 83.83 84.62 
DDGS  P
1
 Low
4
 88.71 87.78 
DDGS  PAX+P
2
   Low
4
 90.50 87.04 
MBM   P
1
 Low
4
 79.42 84.02 
MBM  PAX+P
2
   Low
4
 86.92 85.34 
SEM
5 
0.034 2.01 
Main Effects   
Ingredient   
DDGS 85.24 85.13 
MBM 84.09 83.83 
p-value 0.64 0.34 
Enzyme   
A+P
2
   84.52 84.85 
P
1
 84.81 84.11 
p-value 0.90 0.58 
M.E.    
Moderate 
3 
82.95 82.92 
Low
4 
86.93 86.04 
p-value 0.16 0.02 
SEM
5 
0.03 1.12 
Interactions   
Ingredient x Enzyme NS NS 
Ingredient x M.E. 0.03 NS 
Enzyme x M.E.  0.04 NS 
Ingredient x Enzyme x M.E. NS NS 
Table 2.3b:  Layer Production Data:  egg production, feed intake, and feed conversion for weeks 
11-12 of Phase 1.  
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1
= Phyzyme® 5000G XP; Danisco Animal Nutrition, St. Louis, MO 63147.
 
2
= Avizyme ®1502 and Phyzyme® 5000G XP; Danisco Animal Nutrition, St. Louis, MO 63147.
 
3
= Moderate M.E. level, Phase 1 M.E.=2900 Kcal/kg; Phase 2 M.E.=2880 Kcal/kg. 
 4
= Low M.E. level, Phase 1 M.E.=2860; Phase 2 M.E.=2800 Kcal/kg. 
5
= Standard Error Means. 
  Phase 1   Phase 2  
                      Diets 
 
Ingred.         Enzyme             M.E. 
Hen Wt. 
(g)  
Hen C.V.     
(%)  
Egg Wt. 
(g) 
Hen Wt. (g)  Hen C.V. 
(%)  
Egg Wt. 
(g) 
DDGS  
 
  P
1
 Moderate
3
 1419.8 0.075 55.13 1420.2 0.086 58.01 
DDGS   PAX+P 
2
 Moderate
3
 1439.7 0.083 55.26 1416.4 0.079 57.39 
MBM   P
1
 Moderate
3
 1439.9 0.084 55.54 1421.6 0.090 56.72 
MBM  PAX+P
2
 Moderate
3
 1444.8 0.076 54.81 1448.4 0.089 57.80 
DDGS  P
1
 Low
4
 1419.7 0.078 54.60 1425.4 0.086 58.09 
DDGS   PAX+P
2
   Low
4
 1439.1 0.069 55.32 1451.4 0.092 57.62 
MBM  P 
1
 Low
4
 1426.3 0.073 55.50 1455.3 0.078 58.40 
MBM  PAX+P 
2
 Low
4
 1436.9 0.077 55.54 1428.4 0.082 58.05 
SEM
5 
18.80 0.010 0.596 29.30 0.012 0.725 
Main Effects       
Ingredient       
DDGS 1429.6 0.08 55.08 1428.3 0.086 57.78 
MBM 1437.0 0.08 55.35 1438.4 0.085 57.74 
p-Value 0.568 0.859 0.444 0.628 0.902 0.937 
Enzyme       
A+P 
2
 1440.17 0.08 55.23 1436.19 0.086 57.72 
P 
1
 1426.46 0.08 55.19 1430.66 0.085 57.72 
p-Value 0.294 0.809 0.906 0.790 0.941 0.845 
M.E.        
Moderate    1436.11     0.08 55.19 1426.66 0.085 57.48 
Low 1430.53     0.07 55.24 1440.18 0.085 58.04 
p-Value       0.668 0.408 0.884          0.516 0.853 0.236 
SEM
5 
     10.08 0.006 0.405      14.65 0.006 0.446 
Interactions       
Ingredient x Enzyme NS NS NS NS NS NS 
Ingredient x M.E. NS NS NS NS NS NS 
Enzyme x M.E.  NS NS NS NS NS NS 
Ingredient x Enzyme x M.E. NS NS NS NS NS NS 
Ingredient x Time NS NS NS NS NS NS 
Enzyme x Time NS 0.019 NS NS NS 0.047 
Ingredient x Enzyme x Time NS NS NS NS NS NS 
Enzyme x M.E. x Time NS NS NS NS NS NS 
Table 2.4:  Layer production data:  hen weight, hen C.V. and egg weight 
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 Phase 1  Phase 2  
                     Diets  
 
Ingred.        Enzyme        M.E. 
Shell Strength  
(g force/kg)  
Specific 
Gravity  
Shell Strength  
(g force/kg)  
Specific 
Gravity  
DDGS   P
1 
  Moderate
3
 4.30 1.09 4.42 1.08 
DDGS   PAX+P 
2
 Moderate
3
 4.54 1.09 4.42 1.09 
MBM     P
1
 Moderate
3
 4.36 1.08 4.38 1.09 
MBM  PAX+P
2
   Moderate
3
 4.58 1.09 4.44 1.09 
DDGS   P
1
   Low
4
 4.29 1.08 4.57 1.09 
DDGS   PAX+P
2
   Low
4
 4.43 1.09 4.54 1.08 
MBM   P 
1
 Low
4
 4.58 1.07 4.47 1.09 
MBM   PAX+P 
2
 Low
4
 4.52 1.09 4.41 1.08 
SEM
5 
0.17 0.009 0.11 0.0008 
Main Effects     
Ingredient     
DDGS 4.39 1.09 4.49 1.08 
MBM 4.51 1.08 4.42 1.09 
p-value 0.307 0.338 0.376 0.703 
Enzyme     
A+P
2
 4.52 1.09 4.45 1.08 
P 
1
 4.38 1.08 4.46 1.09 
p-value 0.255 0.298 0.905 0.360 
M.E.      
Moderate  4.45 1.09 4.4 1.09 
Low 4.45 1.08 4.50 1.08 
p-value 0.942 0.379 0.248 0.510 
SEM 0.099 0.005 0.060 0.0004 
Interactions     
Ingredient x Enzyme NS NS NS NS 
Ingredient x M.E. NS NS NS NS 
Enzyme x M.E.  NS NS NS NS 
Ingredient x Enzyme x M.E. NS NS NS NS 
Ingredient x Enzyme x Time NS NS NS NS 
Enzyme x M.E. x Time NS NS NS NS 
1
= Phyzyme® 5000G XP.
 
2
= Avizyme ®1502 and Phyzyme® 5000G XP.
 
3
= Moderate  M.E. level, Phase 1 ME=2900 Kcal/kg; Phase 2 ME=2880 Kcal/kg. 
 4
= Low  M.E. level, Phase 1 ME=2860; Phase 2 ME=2800 Kcal/kg. 
5
= Standard Error Means. 
Table 2.5:  Layer production data:  shell strength and specific gravity. 
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  Measurements       
                   Diets  Yolk Wt. 
(%) 
Wet Shell 
(%) 
Dry Shell 
(%) 
Albumen Wt. 
(%) 
Haugh 
Unit 
Ingred.     Enzyme       M.E. 
DDGS  P
1
 Moderate
3
 24.7 14.5 10.1 65.8 104.48 
DDGS   PAX+P 
2
 Moderate
3
 24.1 14.3 9.8 64.3 103.98 
MBM   P
1
 Moderate
3
 24.2 14.2 9.8 64.5 105.01 
MBM   PAX+P
2
   Moderate
3
 24.4 14.4 10.1 65.1 104.18 
DDGS   P
1
 Low
4
 24.6 14.6 10.0 65.8 104.02 
DDGS   PAX+P
2
   Low
4
 24.2 14.3 9.8 64.5 103.35 
MBM   P 
1 
  Low
4
 24.4 14.4 10.1 65.1 103.81 
MBM   PAX+P 
2
 Low
4
 24.3 14.4 9.9 65.8 103.74 
SEM
5 
0.004 0.002 0.001 0.009 0.715 
Main Effects           
Ingredient           
DDGS 24.4 14.4 10.0 65.1 103.96 
MBM 24.3 14.3 9.9 64.9 104.18 
p-value 0.823 0.543 0.832 0.739 0.635 
Enzyme           
A+P 
2
 24.0 14.3 9.8 64.7 103.81 
P
1
 24.5 14.4 10.0 65.3 104.33 
p-value 0.371 0.361 0.254 0.301 0.275 
M.E.            
Moderate  24.3 14.3 9.9            64.9 104.41 
Low 24.4 14.4 9.9        65.1 103.73 
p-value 0.845 0.606 0.954 0.837      0.154 
SEM 0.0025 0.0014 0.0008 0.006     0.418 
Interactions           
Ingredient x Enzyme NS NS NS NS NS 
Ingredient x M.E. NS NS NS NS NS 
Enzyme x M.E.  NS NS NS NS NS 
Ingredient x Enzyme x M.E. NS NS NS NS NS 
Ingredient x Enzyme x Time NS NS NS NS NS 
Enzyme x M.E. x Time NS NS NS NS NS 
1
= Phyzyme® 5000G XP.
 
2
= Avizyme ®1502 and Phyzyme® 5000G XP.
 
3
= Moderate  M.E. level, Phase 1 ME=2900 Kcal/kg; Phase 2 ME=2880 Kcal/kg. 
 4
= Low  M.E. level, Phase 1 ME=2860; Phase 2 ME=2800 Kcal/kg. 
5
= Standard Error Means. 
Table 2.6.  Egg Quality Measurements Phase 1. 
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  Measurements       
                  Diets  Yolk Wt. 
(%) 
Wet Shell 
(%) 
Dry Shell 
(%) 
Albumen Wt. 
(%) 
Haugh 
Unit 
Ingred.   Enzyme     M.E. 
DDGS  P
1
 Moderate
3
 28.5 14.8 9.6 64.0 99.08 
DDGS   PAX+P 
2
 Moderate
3
 28.9 15.1 9.8 64.9 99.42 
MBM     P
1
 Moderate
3
 28.6 14.9 9.6 64.5 97.33 
MBM   PAX+P
2
   Moderate
3
 28.5 14.9 9.7 64.3 99.76 
DDGS  P
1
   Low
4
 28.3 14.8 9.5 63.8 100.29 
DDGS   PAX+P
2
   Low
4
 28.5 14.8 9.5 64.0 99.33 
MBM   P 
1 
  Low
4
 28.1 14.6 9.5 63.2 98.83 
MBM   PAX+P 
2
 Low
4
 28.0 14.6 9.5 63.1 97.41 
SEM
5 
0.004 0.002 0.002 0.01 1.272 
Main Effects           
Ingredient           
DDGS 28.5 14.9 9.6 64.2 99.53 
MBM 28.3 14.7 9.6 63.8 99.41 
p-value 0.521 0.421 0.8 0.553 0.215 
Enzyme           
A+P 
2
 24.8 14.8 9.6 64.1 99.06 
P 
1 
  28.4 14.8 9.6 69.9 98.88 
p-value 0.706 0.679 0.587 0.792 0.846 
M.E.            
Moderate  28.6 14.9 9.7 64.4 98.90 
Low 28.2 14.7 9.5 63.5 99.04 
p-value 0.183 0.209 0.133 0.191 0.876 
SEM 0.002 0.001 0.001 0.005 0.636 
Interactions           
Ingredient x Enzyme NS NS NS NS NS 
Ingredient x M.E. NS NS NS NS NS 
Enzyme x M.E.  NS NS NS NS NS 
Ingredient x Enzyme x M.E. NS NS NS NS NS 
Ingredient x Enzyme x Time NS NS NS NS NS 
Enzyme x M.E. x Time NS NS NS NS NS 
1
= Phyzyme® 5000G XP.
 
2
= Avizyme ®1502 and Phyzyme® 5000G XP.
 
3
= Moderate M.E. level, Phase 1 ME=2900 Kcal/kg; Phase 2 ME=2880 Kcal/kg. 
 4
= Low M.E. level, Phase 1 ME=2860; Phase 2 ME=2800 Kcal/kg. 
5
=Standard Error Means. 
Table 2.7.  Egg Quality Measurement Phase 2. 
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1
= Phyzyme® 5000G XP.
 
2
= Avizyme ®1502 and Phyzyme® 5000G XP.
 
3
= Moderate  M.E. level, Phase 1 ME=2900 Kcal/kg; Phase 2 ME=2880 Kcal/kg. 
4
= Low  M.E. level, Phase 1 ME=2860; Phase 2 ME=2800 Kcal/kg. 
5
=Standard Error Means. 
Digestibility Analysis   Phase 1       Phase 2   
                         Diets  Ca  
 (%) 
P 
(%)  
CP  
(%)  
A.M.E. 
(Kcal/kg) 
Ca  
(%)  
P  
(%) 
CP 
 (%)  
Ingred.            Enzyme                M.E. 
DDGS   P
1
 Moderate
3
 58.33 4.96 46.96 2,630.00 56.93 37.74 63.56 
DDGS   PAX+P 
2
 Moderate
3
 60.53 15.59 51.80 2,740.00 63.35 47.91 70.79 
MBM  P
1
   Moderate
3
 60.17 16.01 57.33 2,720.00 64.33 38.75 68.48 
MBM   PAX+P
2
   Moderate
3
 54.40 8.66 52.47 2,710.00 67.65 46.50 69.57 
DDGS     P
1
 Low
4
 50.58 19.97 55.07 2,710.00 65.21 40.32 64.94 
DDGS  PAX+P
2
   Low
4
 56.34 8.50 50.86 2,710.00 67.84 49.27 70.57 
MBM   P 
1
 Low
4
 55.43 9.36 50.55 2,680.00 64.83 46.50 68.27 
MBM  PAX+P 
2
 Low
4
 55.42 2.76 48.58 2,760.00 64.25 43.74 65.53 
SEM
5 
2.07 3.48 1.37 0.02 1.68 1.34 2.21 
Main Effects               
Ingredient               
DDGS 56.44 12.26 51.17 2.70 63.33 43.81 67.47 
MBM 56.35 9.20 52.23 2.72 65.27 43.47 67.96 
p-value 0.95 0.20 0.26 0.08 0.11 0.72 0.47 
Enzyme               
A+P 
2
 56.67 8.88 50.93 2.73 65.77 46.45 69.12 
P 
1
 56.13 12.58 52.48 2.69 62.83 40.83 66.31 
p-value 0.678 0.125 0.105 0.0006 0.015 0.0001 0.0001 
M.E.                
Moderate  58.36 11.31 52.14 2.70 63.07 42.33 68.10 
Low 54.44 10.15 51.26 2.72 65.53 44.96 67.33 
p-value 0.004 0.63 0.356 0.2 0.041 0.007 0.265 
SEM 1.29 1.88 0.737 0.009 0.84 0.67 2.04 
Interactions               
Ingredient x Enzyme 0.011 NS 0.052 NS NS 0.0001 0.0001 
Ingredient x M.E. NS 0.035 0.0001 NS 0.001 NS 0.053 
Enzyme x M.E.  0.081 0.028 NS NS NS 0.009 0.053 
Ingredient x Enzyme x M.E. NS 0.019 0.002 0.0001 NS 0.045 NS 
Table 2.8 a.  Digestibility analyses of Ca, P, CP, and apparent  M.E.  
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1
= Phyzyme® 5000G XP.
 
2
= Avizyme ®1502 and Phyzyme® 5000G XP.
 
3
= Moderate  M.E. level, Phase 1 ME=2900 Kcal/kg; Phase 2 ME=2880 Kcal/kg. 
4
= Low  M.E. level, Phase 1 ME=2860; Phase 2 ME=2800 Kcal/kg. 
5
=Standard Error Means. 
 
Digestibility Analysis   Phase 1   
                         Diets  P 
(%)  
mg/hen/d 
P retained 
  
mg/hen/d 
P excreted  
Ingred.            Enzyme                M.E. 
DDGS   P
1
 Moderate
3
 4.96 18.6 356.3 
DDGS   PAX+P 
2
 Moderate
3
 15.59 55.8 302.3 
MBM  P
1
   Moderate
3
 16.01 70.6 370.3 
MBM   PAX+P
2
   Moderate
3
 8.66 40.6 427.8 
DDGS     P
1
 Low
4
 19.97 77.9 312.2 
DDGS  PAX+P
2
   Low
4
 8.50 33.2 357.1 
MBM   P 
1
 Low
4
 9.36 42.8 414.4 
MBM  PAX+P 
2
 Low
4
 2.76 13.2 466.6 
SEM
5 
3.48 20.58 26.05 
Main Effects       
Ingredient       
DDGS 12.26 46.38 331.98 
MBM 9.20 41.80 419.78 
p-value 0.20 0.86 0.18 
Enzyme       
A+P 
2
 8.88 35.70 388.45 
P 
1
 12.58 52.48 363.30 
p-value 0.125 0.56 0.51 
M.E.        
Moderate  11.31 46.40 364.18 
Low 10.15 41.78 387.58 
p-value 0.63 0.86 0.53 
SEM 1.88 14.53 18.42 
Interactions       
Ingredient x Enzyme NS NS NS 
Ingredient x M.E. 0.035 NS NS 
Enzyme x M.E.  0.019 NS NS 
Table 2.8 b.  Digestibility analyses P and calculated mg/hen/d P retained and P excreted. 
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                         Diets  
Ingred.           Enzyme          M.E. 
Length 
(mm) 
Diameter 
(mm) 
Bone Ash 
(%) 
DDGS  P
1 
  Moderate
3
 108.38 6.51 55.67 
DDGS PAX+P 
2
 Moderate
3
 107.33 6.70 55.51 
MBM     P
1
 Moderate
3
 109.06 6.23 56.22 
MBM   PAX+P
2
   Moderate
3
 110.23 6.55 55.47 
DDGS   P
1
 Low
4
 109.02 6.41 55.94 
DDGS  PAX+P
2
   Low
4
 109.46 6.35 56.02 
MBM   P 
1 
  Low
4
 107.47 6.55 56.60 
MBM  PAX+P 
2
 Low
4
 109.26 6.38 56.10 
SEM
5 
1.077 0.127 0.82 
Main Effects    
Ingredient    
DDGS 108.55 6.49 55.78 
MBM 109.01 6.43 56.10 
p-value 0.550 0.456 0.590 
Enzyme    
A+P
2
   109.07 6.49 55.77 
P 
1 
  108.48 6.43 56.11 
p-value 0.446 0.432 0.57 
M.E.     
Moderate  108.75 6.410 55.72 
Low 108.80 6.42 56.16 
p-value 0.947 0.385 0.445 
SEM 0.540 0.068 0.41 
Interactions    
Ingredient x Enzyme NS NS NS 
Ingredient x M.E. 0.086 NS NS 
Enzyme x M.E.  NS 0.043 NS 
Ingredient x Enzyme x M.E. NS NS NS 
1
= Phyzyme® 5000G XP.
 
2
= Avizyme ®1502 and Phyzyme® 5000G XP.
 
3
= Moderate  M.E. level, Phase 1 ME=2900 Kcal/kg; Phase 2 ME=2880 Kcal/kg. 
 4
= Low  M.E. level, Phase 1 ME=2860; Phase 2 ME=2800 Kcal/kg. 
5
= Standard Error Means. 
 
Table 9. Tibia measurements:  length, diameter, and bone ash. 
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1
= Phyzyme® 5000G XP.
 
2
= Avizyme ®1502 and Phyzyme® 5000G XP.
 
3
= Moderate  M.E. level, Phase 1 ME=2900 Kcal/kg; Phase 2 ME=2880 Kcal/kg. 
 4
= Low  M.E. level, Phase 1 ME=2860; Phase 2 ME=2800 Kcal/kg. 
5
= Standard Error Means. 
  
                             Diets  
Ingred.              Enzyme           M.E. 
Lactobacillus Counts 
(log CFU/mL) 
DDGS   P
1 
  Moderate
3
 2.092 
DDGS   PAX+P 
2
 Moderate
3
 2.003 
 MBM  P
1
   Moderate
3
 1.961 
MBM  PAX+P
2
   Moderate
3
 1.780 
DDGS   P
1
 Low
4
 1.902 
DDGS   PAX+P
2
   Low
4
 1.099 
MBM   P 
1 
  Low
4
 1.916 
MBM   PAX+P 
2
 Low
4
 1.861 
SEM
5 
0.073 
Main Effects  
Ingredient  
DDGS 1.998 
MBM 1.880 
p-value 0.025 
Enzyme  
A+P 
2
 1.909 
P 
1 
  1.968 
p-value 0.259 
M.E.   
Moderate  1.959 
Low 1.918 
p-value 0.431 
SEM 0.036 
Interactions  
Ingredient x Enzyme NS 
Ingredient x M.E. NS 
Enzyme x M.E.  NS 
Ingredient x Enzyme x M.E. NS 
Table 10. Total count Lactobacillus 
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PAX (Avizyme®1502), Phytase (Phyzyme 5000XP®)             
 
 
PAX (Avizyme® 1502), Phytase (Phyzyme 5000XP®)  p≤0.0001 
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Figure 2.1.  Interaction Effect:  Feed Intake by Enzyme with DDGS Phase 1 . 
Figure 2.2. Interaction Effect:   Feed Intake by Enzyme  with MBM Phase 1. 
p≤0.0001 
 
p≤0.0001 
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Diets contained one of the two test ingredients (DDGS or MBM), along with one of the two 
possible enzyme combinations (PAX (Avizyme® 1502) and Phytase (Phyzyme 5000XP®) or 
Phytase (Phyzyme 5000XP®)). 
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Figure 2.3.  Calcium Digestibility Phase 1 Ingredient x Enzyme 
Interaction 
p≤0.01 
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Figure 2.4. Calcium Digestibility Phase 2: Ingredient x M.E. Interaction. 
 
Diets contained one of the two test ingredients (DDGS or MBM); Moderate M.E.=2,880 Kcal/kg,  
Low M.E.=2,800 Kcal/kg. 
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p≤0.001 
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PAX=Avizyme 1520; Phytase=Phyzyme 5000XP; Moderate M.E.=2,900 Kcal/kg, Low 
M.E.=2,860 Kcal/kg. 
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Figure 2.5. Phosphorous Digestibility Phase 1: Ingredient x Enzyme x M.E. Interaction: 
DDGS 
Figure 2.6. Phosphorous Digestibility Phase 1:  Ingredient x Enzyme x M.E. 
Interaction: MBM 
p≤0.019 
p≤0.019 
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Diets contained one of the two test ingredients (DDGS or MBM), along with one of the two 
possible enzyme combinations (PAX (Avizyme® 1502) and Phytase (Phyzyme 5000XP®) or 
Phytase (Phyzyme 5000XP®)). 
  
20
25
30
35
40
45
50
55
PAX and P P
P
 R
et
en
ti
o
n
 (
%
)
Enzyme Combination
DDGS
MBM
Figure 2.7. Phosphorous Digestibility Phase 2 Ingredient x Enzyme Interaction 
p≤0.0001 
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Moderate M.E.= 2,900 Kcal/kg, Low M.E.=2860 Kcal/kg; Diets contained one of the test 
ingredients, either DDGS or MBM.  
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Figure 2.8. Crude Protein Digestibility Phase 1 Ingredient x M.E. 
p≤0.0001 
 
66 
 
 
 
          
 
 
 
 
 
 
 
 
 
 
 
Graphs are separated by ingredient (DDGS or MBM), Moderate M.E.= 2,900 Kcal/kg, Low  
M.E.=2860 Kcal/kg; Diets contained one of the test ingredients, either DDGS or MBM. 
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Figure 2.9. Crude Protein Digestibility Phase 1: Ingredient x Enzyme x M.E. 
Interaction : DDGS. 
Figure 2.10. Crude Protein Digestibility Phase 1 Ingredient x Enzyme x M.E. 
Interaction: MBM. 
p≤0.002 
p≤0.002 
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Diets contained one of the two test ingredients (DDGS or MBM), along with one of the two 
possible enzyme combinations (PAX (Avizyme® 1502) and Phytase (Phyzyme 5000XP®) or 
Phytase (Phyzyme 5000XP®)). 
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Figure 2.11. Crude Protein Digestibility Phase 2 Ingredient x Enzyme 
Interaction. 
p≤0.0001 
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Graphs are separated by ingredient (DDGS or MBM), Moderate M.E.= 2,900 Kcal/kg, Low  
M.E.=2860 Kcal/kg; Diets contained one of the test ingredients, either DDGS or MBM.  
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Figure 2.12.  Apparent Metabolizable Energy Digestibility Phase 1: Ingredient x Enzyme 
x Energy Interaction: DDGS. 
Figure 2.13.  Apparent Metabolizable Energy Digestibility Phase 1 Ingredient x Enzyme x 
Energy Interaction: MBM. 
p≤0.0001 
p≤0.0001 
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